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Abstract 
The stability of pharmaceutical formulations in non-aqueous media is poorly 
understood. In order to discover which factors affect the stability, screening studies 
using a statistical Design of Experiment approach was adopted and revealed that; 
solid concentration, solvent, solid and surfactant types all have significant effects on 
the stability of the sol. In addition a number of factors, such as water concentration 
in combination with the solvent, were found be significant.  
The factors of water and then surfactant in combination with solvent and solid have 
been further investigated, by use of sedimentation, rheology and electrophoretic 
measurements. It was found that for hydrophilic pharmaceutical particles, water 
contamination had the largest impact on the sols’ properties, particularly where the 
solvent had only limited water miscibility. The least impact was found with a 
hydrophobic particle and a water miscible solvent. 
In the absence of any water in the solvent, the anionic surfactant AOT was found to 
be an effective surfactant for most systems at stabilising the sols. Electrophoretic 
measurements revealed that the addition of AOT most cases reversed the charge of 
the particles to that observed in water.  
However, the surfactants 12-hydroxysteric acid and Brij-35 were found to be more 
effective than AOT at stabilising the systems against the effect of water 
contamination in the solvent. By addition of these surfactants it was possible to stop 
the catastrophic irreversible aggregation which resulted from water contamination. 
After the addition of surfactant, water had the effect of causing the suspensions to 
visibly thicken, but aggregation did not occur 
This study shows that the stabilisation of pharmaceutical dispersions is complex and 
there is no universal route to achieve this. However, for hydrophilic particles 
dispersed in a water immiscible non-polar solvent the effect of water in the solvent 
lead to aggregation of the particles, presumable due to capillary bridging effects; 
addition of a surfactant can help to mitigate these effects.  
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1 Introduction 
1.1 The Problem 
Little work has been reported in the area of non-aqueous colloidal suspensions of 
organic solids. In recent years it has become of increasing interest to be able to 
produce colloidal drug particles for reasons of: 
 bioavailability, 
 topical response to drug delivery, 
 manufacturability. 
The increased interest is reflected in the increase in the amount of literature that is 
published in the area (1). A patent search for “nano Active Pharmaceutical 
Ingredient” in SCOPUS on the 16th September 2015 showed an increasing trend 
over the preceding decade, as shown in Figure 1-1. 
 
Figure 1-1. Number of patents relating to nano active pharmaceutical ingredient found 
using Scopus on 16
th
 September 2015. 
It is not always possible to make colloidal particles by first intent or comminution via 
wet milling or homogenising in aqueous systems due to the presence of hydrates, 
solubility and chemical stability. Therefore, in order to achieve the desired particle 
size range, an alternative method for making the colloidal particles needs to be 
used. A simple way of achieving this would be to substitute water by an alternative 
solvent system. It is therefore desirable to have a good understanding of the likely 
behaviour of such systems and the governing mechanisms affecting their stability.  
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The overall objective of this work is the development of a model and identification of 
key experiments and methodologies to enable the prediction of non-aqueous 
colloidal stability from commonly available analytical methods, specifically oriented 
to the pharmaceutical industry. 
This PhD was funded on a part time basis by GlaxoSmithKline as part of the 
Imperial College Partnership Research Institution (PRI) scheme.  
This thesis is structured starting with an introduction to the problem, underlying 
science and aims of the project in Chapter 1. In Chapter 2 an initial screening study 
is presented. This study was utilised to select the factors which would be of most 
interest to study during the remainder of the work. This Chapter stands alone with a 
description of the materials and methods used in this chapter discussed at the 
beginning.  
In Chapter 3 the materials and methods used in the remaining work are introduced 
here, a brief overview of method development and underlying theory of the methods 
is explained. The analysis and treatment of the results is also discussed including 
the rationale for the theoretical calculations used. 
Chapters 4 to 6 are concerned with the presentation and evaluation of experimental 
data. They present results for the effect of water, surfactant and their combination 
respectively, reference to the calculations and discussion of the results is included in 
these chapters.  
Chapter 7 contains a discussion of the results as a whole and moves on to make 
general conclusions. The PhD concludes with recommendations for further work 
which could be carried out in the area to further investigate the findings and 
hypothesise contained in this thesis.  
1.2 Background 
1.2.1 What is a colloid? 
A colloid is a two or more component system, where one phase of the system has a 
submicron dimension. This definition therefore includes systems that can contain 
gas, liquid and solid phases. Table 1-1 shows a summary of the different types of 
colloidal system. This study concentrates on the subsection sol, a solid particle 
suspended in a liquid. More specifically it focuses on organic solids suspended in 
organic solvents.  
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Table 1-1. Types of colloidal system. 
Dispersed 
phase  
Continuous 
phase  
Gas Liquid Solid 
Gas N/A Foam Solid Foam 
Liquid Liquid aerosol Liquid Emulsion Solid Emulsion 
Solid Solid aerosol Sol Solid sol 
All systems considered in this study will have a maximum of 4 components: 
 A single solid phase. 
 An organic liquid phase. 
 Varying water content. 
 A surfactant. 
A sol of this type is thermodynamically unstable, the stability of the system is solely 
kinetic (2). Various attractive and repulsive forces act on a colloidal system, for 
example; Van der Waals attraction, acid base interactions, steric interactions, 
depletion forces and electrostatic forces.  
1.2.2 Drivers for the use of colloidal particles 
Colloidal particles have a number of properties which result from their high surface 
energy. This means they are potentially of use for improved drug delivery:  
1. Increased dissolution rate: The Noyes-Whitney equation (3) (Equation 1) 
shows the relationship between the available surface area and the 
dissolution rate.  It shows that as surface area (𝑆𝐴) increases the dissolution 
rate (
𝑑𝑊
𝑑𝑡
) increases, if all other conditions remain constant.   
𝑑𝑊
𝑑𝑡
=
𝐷𝑆𝐴(𝐶𝑠 − 𝐶)
𝐿𝑑
 1 
Where 𝐷 is the diffusion coefficient, 𝐶𝑠 is the concentration in the diffusion 
layer, 𝐶 is the concentration in the bulk solution and 𝐿𝑑 is the diffusion layer 
thickness.  
2. Increased solubility: The Kelvin (also Ostwald-Freundlich and Gibbs-
Thomson) principles, given in Equation 2, explain the increase in solubility, 
by relating it to the increase in the surface energy associated with the 
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particle size. The logarithmic term in the equation results in increased 
solubility becoming significant at particle sizes below 2 – 3 µm. 
𝑅𝑇𝜌
𝑀
ln
𝑆1
𝑆2
= 2𝛾 (
1
𝑟1
−
1
𝑟2
) 2 
Where S1 and S2 are the solubility’s of the particles of radius r1 and r2, 𝛾 is the 
interfacial tension, M is the molecular weight of the solid, R is the gas 
constant and T is the absolute temperature(4). This equation is also of 
interest when considering water condensation at the interface between 2 
particles (5).  
This change in behaviour of colloidal particles can be utilised in order to provide 
advantages in drug delivery for a number of reasons. In particular by increasing 
bioavailability (see Section 1.2.2.1) and reducing the inflammatory response in 
inhaled drugs (Section 1.2.2.2). 
1.2.2.1 Bioavailability  
It is widely accepted that there is an increase in the amount of drug candidates, 
where the solubility is limited, resulting in the limitation of the bioavailability of a drug 
(1;6;7). Approximately 60% of New Chemical Entities (NCE's) fall into 
Biopharmaceutical Classification System (BCS) (Figure 1-2) classes II and IV 
meaning that the solubility of the API is limited. This often leads to their failure due 
to lack of therapeutic effect (6;8).  
 
 
 
 
 
 
 
Figure 1-2. Biopharmaceutical Classification System. 
This problem was illustrated in the work by Xia et al (8). The authors studied the 
practical impact of the particle size of Nitrendipine in rats. The results showed a link 
between particle size and the dissolution of the particles.  
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1.2.2.2 Topical response to drug delivery 
A second reason for the use of colloidal particles, is for the pulmonary delivery of 
drugs typically in metered dose inhalers (MDI) (4). Nanoparticles have the potential 
to reduce drug persistence in the lung as a result of increased solubility and 
therefore accumulation of macrophages. The macrophage will accumulate in the 
lung where there is insoluble material. 
1.2.2.3 Seeding of crystallisations 
A third reason is around the manufacture of Active Pharmaceutical Ingredient (API). 
In the crystallisation stage of API manufacture, a seeding step is often utilised to 
achieve the desired size and/or form control. Equation 3 can be used to calculate 
the size of the material which will result from seeding with a given mass and size of 
seed material. 
𝑚𝑠𝑒𝑒𝑑 =
𝑑𝑠𝑒𝑒𝑑
3
𝑑𝑝𝑟𝑜𝑑
3 × 𝑚𝑝𝑟𝑜𝑑 × 𝑐𝑓 
3 
 
Where 𝑚𝑠𝑒𝑒𝑑 and 𝑚𝑝𝑟𝑜𝑑 are the mass of seed and product respectively, 𝑑𝑠𝑒𝑒𝑑 and 
𝑑𝑝𝑟𝑜𝑑 are the median particle size of the seed and product respectively, and 𝑐𝑓 is the 
seed factor. 
 Carrying out seeding with smaller seeds would enable: 
 a smaller final particle size to be accessed,  
 a lower seed load to be used to achieve the same particle size, 
 Lower desupersaturation time compared with larger seeds.   
1.3 Causes of colloid instability 
As discussed above, the sols considered in the study are thermodynamically 
unstable. The causes of instability result from a number of different forces. 
Inherently with a decrease in particle size there is an increase in Gibbs free energy, 
which results from the increased surface area. The driver for agglomeration is 
increased due to the associated reduction in energy. When creating small particles, 
this increase in surface energy (9), needs to be counteracted by surface 
stabilisation. In general, colloidal particles and small particles are, as a result, 
inherently unstable and will tend to flocculate and aggregate, particularly, but not 
wholly, because of their high surface energy which makes the agglomerated 
particles thermodynamically favoured (10). The surface energy must therefore be 
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reduced to increase stability and, in the case of particle breakage, reduce the 
energy requirement to achieve this.  
Particle growth is also a problem, even where there is limited solubility and 
polydispersity (11), Ostwald ripening can still occur. Ostwald ripening is a process 
that occurs as a result of the larger particles being thermodynamically more stable 
than smaller particles. In systems where there is even the lowest level of solubility 
an equilibrium exists between solid and dissolved material. As the equilibrium is 
dynamic the smaller particles will dissolve preferentially and growth will occur on the 
larger particles. The Kelvin equation (equation 2) describes the relationship between 
size and solubility, which is the driving force for Ostwald ripening (12). 
There are a number of different attraction mechanisms which drive the 
agglomeration of colloids: 
1. Van der Waals forces (13). 
2. Polymer bridging of particles (14). 
3. Depletion interactions (15). 
4. Hydrophobic effects (14). 
These microscopic interactions can also be observed on a macroscopic scale as 
they impact the rheology and other bulk properties of a colloid (16). The interaction 
forces may also be directly measured by a number of techniques including surface 
force apparatus (SFA), atomic force microscopy (AFM), total internal reflection 
fluorescence microscopy (TIRFM) and evanescent wave light scattering microscopy 
(EVLSM) (17).   
1.3.1 Van der Waals interactions 
Van der Waals interactions are an important factor in colloidal systems, forming a 
large part of the attractive forces (13). These are categorised into three distinct 
groups:  
 London (instantaneous and induced dipole attraction) 
 Debye (permanent and induced dipole attraction)  
 Keesom (permanent dipole interactions) 
Van der Waals are long distance attractive forces,  these can be described by 
Equation 4 (18).  
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𝑉𝑣𝑑𝑤 = −
𝐴 
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 4 
Where 𝑉𝑉𝑑𝑤 is the attractive Van der Waals force, 𝐴 is the Hamaker constant, 𝑟 is 
the particle radius and 𝑑𝑖 is the interparticle distance. 
A simpler relationship for two like particles had previously been derived by Hamaker 
(19). This is shown in equation 5, this only holds for limited interparticle separations. 
An example of the difference between the two equations is shown in Figure 1-3. 
𝑽𝒗𝒅𝒘 =
𝑨𝒓
𝟏𝟐𝒅
 5 
 
Figure 1-3.Van der Waals repulsion calculated by equation 4 and 5 (example data is 
for Titanium dioxide in IPA) 
As can be seen from equations 4 and 5 the smaller the Hamaker constant, the 
smaller the van der Waals attractive force will be. There are a number of methods 
for the estimation of the Hamaker constant. The Lifshitz method calculates the 
constant by use of the refractive indices and dielectric constants (16). A simplified 
version was given by Israelachvili’s (Equation 6) and has also been used for the 
estimation of the Hamaker constant (20). 
𝐴 =
3𝑘𝑇
4
(
𝜀1 − 𝜀3
𝜀1 + 𝜀3
) (
𝜀2 − 𝜀3
𝜀2 + 𝜀3
) +
3ℎ𝑣𝑒
8√2
(𝑛1
2 − 𝑛3
2)(𝑛2
2 − 𝑛3
2)
√𝑛1
2 + 𝑛3
2√𝑛2
2 + 𝑛3
2 (√𝑛1
2 + 𝑛3
2 + √𝑛2
2 + 𝑛3
2)
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Where 𝜀1, 𝜀2 and 𝜀3 are dielectric constants of the two media (1 and 2) interacting 
across medium 3; ℎ is Planck’s constant; 𝑛1, 𝑛2 and 𝑛3 are the refractive indices of 
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the 3 media as described above; 𝑣𝑒 is the absorption frequency; 𝑘 is the Boltzman 
constant and  𝑇 is absolute temperature.(21) 
This equation can be simplified further for the single particle type systems 
considered in this research, giving Equation 7. 
𝐴 =
3𝑘𝑇
4
(
𝜀1 − 𝜀2
𝜀1 + 𝜀2
)
2
+
3ℎ𝑣𝑒
32𝜋√2
(𝑛1
2 − 𝑛2
2)2
(𝑛1
2 + 𝑛2
2)
3
2⁄
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Where 𝜀1 and 𝜀2 represent the dielectric constant particle and solvent respectively; 
𝑛1 and 𝑛2 are the refractive indices of the particle and solvent. 
These equations assume the system is made up of perfect spheres with a smooth 
surface. In reality this is not the case with organic crystals, where interactions vary 
from face to face due to the presence of different surface groups. The surface is 
more likely to be flat rather than curved and is also unlikely to be smooth.  
The above equations show that if the optical properties of the solid and suspending 
solvent are matched, the Hamaker constant will be very low. This allows us a 
possible method for lowering the Van der Waals attractive forces. Furthermore, a 
reduction in the temperature of the system will result in a lowering in the effect of 
any differences in the optical properties.  
This approach has its limitations as a result of only considering the pair wise effects 
and ignoring the effect of the surrounding particles on the interaction. However, as 
the focus of this study is in the area of organic solvents this will be less of an 
hindrance as the solvents will tend to be weakly polar (13), resulting in a lower 
variation in 𝑣. Other approaches – such as the Derjaguin approximation, which 
relates the interaction of two spheres to the interaction of two infinite surfaces – 
have been used to calculate theoretical interaction forces (22;23). The application of 
these theories has been found unreliable in the case of metal colloids and clusters 
(13;22). However, Oversteegeen and Lekkerkerker (24) found that for particles with 
aspect ratios smaller than 0.25 the error was less than 1%. Kim et al (25) have 
developed their coupled dipole method for the calculation of Van der Waals forces 
which no longer considers just the unidirectional interactions between two spheres. 
They have shown that this can be applied in systems where the more standard 
methods have shown large deviations from the true values (26). 
It is also possible to estimate the Hamaker constant for a system by using a 
geometric mean approximation, as shown in equation 8 (27). In this equation, values 
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of the Hamaker constant in a vacuum for the constituent parts of the sol are used to 
calculate the value of the Hamaker of the system as a whole. 
𝐴∗ = (𝐴1
1
2⁄ − 𝐴2
1
2⁄ )
2
 8 
Where 𝐴∗ is the calculated Hamaker constant 𝐴1 and 𝐴2 are the Hamaker constants 
of the solid and liquid in a vacuum.  
1.3.2 Depletion Forces 
 
Figure 1-4. Diagrammatic view of depletion flocculation. i, shows two well separated 
colloidal particles, the polymer or surfactant is evenly distributed and no 
concentration gradient exists. ii, as the colloidal particles approach the gap between 
the particles narrows excluding the polymer or surfactant molecules. This results in a 
concentration gradient between the area between the particles and the bulk solution. 
iii, the resultant force causes the colloidal particles to agglomerate re-establishing an 
even distribution of molecules. 
Depletion forces result from the presence of unbound polymers in solution. As two 
particles approach each other a concentration gradient is generated. The 
interparticle space has a lower concentration, as a result of the lack of space for the 
polymer, causing an increase in conformational entropy. The resultant concentration 
gradient, in the solvent between the two approaching particles, and the remaining 
solvent in the bulk of the suspension creates a driving force for particle 
agglomeration. This force results from the energy cost associated with maintaining a 
concentration gradient. There have been a number of different theories proposed to 
describe the depletion forces. Asakura and Oosawa (28) were the first and proposed 
equation 9. A second theory has been proposed by Fleer, Scheutjens and Vincent 
(29) (Equation 10).  
𝐺𝑑𝑒𝑝
𝑘𝑇
= −
2
3
⏀2
𝑎
𝐿𝑑𝑒𝑝
(
 
 
𝐿𝑑𝑒𝑝 −
𝑑𝑖
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2∆
3𝑎
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Where 𝐺𝑑𝑒𝑝 is the depletion energy; ⏀ is the volume concentration of the 
polymer; 𝐿𝑑𝑒𝑝 is the depletion thickness; 𝜇1 is the chemical potential of the system 
with free polymer and 𝜇1
0 without free polymer and 𝑑𝑖 is the interparticle distance.  
This phenomenon is of importance, as an excess of surfactant, or other excipient 
will result in the depletion flocculation of the suspension. Measurement of the 
adsorption isotherm and monitoring of the free excipient in solution is necessary in 
assessing the stability of the colloid. 
Both equations 9 and 10 have been shown to have their applications. However, the 
theories are based on the assumption that the colloidal particles are hard spheres. 
This is not the case for the colloidal API particles of interest in this work. It is 
interesting to note that the effect can be utilised to carry out the controlled 
flocculation of a compound.  
1.3.3 Surface Energy  
Colloidal particles have a very high total energy due to their small size and relatively 
large surface area. This means that agglomeration and flocculation are 
thermodynamically favoured, as these processes will result in a reduction in the 
surface area and thus energy. This phenomenon was observed by Li et al (30) in 
this study they examined silver colloidal particles. Their analysis showed that the 
agglomerates formed to produce the lowest possible surface energy.  
Surface energy is also considered an important factor in the comminution process, 
partly explaining the increase in the breakage energy required at low particle sizes. 
Lee et al. (31) showed the surface energy gain on size reduction is significant in the 
size reduction of a compound. They screened a number of different APIs with a 
selection of surfactants. It was demonstrated that different particle sizes were 
achieved with different surfactants. The limitation in the size that can be achieved is 
the result of a number of conflicting processes, namely: 
 agglomeration (32),  
 deagglomeration (32), 
 comminution (33).  
28 
 
 The surfactant used can impact on some of these processes to aid size reduction, 
by reducing the surface energy penalty for the size reduction, limiting the 
agglomeration that occurs by stabilising the surfaces and providing a steric barrier. 
1.3.4 Hydrophobic Effect 
The hydrophobic effect is caused by attractive hydrogen bonding forces between 
water molecules resulting in the exclusion of non-polar substances. This exclusion 
occurs as a result of an increase in the entropy of the system were an interaction to 
occur (34). While aqueous systems are not considered in this work, the 
consequences of the hydrophobic effect are still important. When a water molecule 
is placed into a non-polar liquid or onto a hydrophobic surface, the energy penalty of 
maintaining this as a single molecule is significantly greater than the addition of 
hydrophobic molecules to an aqueous phase. 
This argument is supported by the evidence in the miscibility of solvents, where it is 
possible to mix greater amounts of non-polar solvent into water, than water into non-
polar solvent. For example it is possible to mix 8.7% ethyl acetate in water, but only 
3.3% water in ethyl acetate. 
1.3.5 Capillarity 
Capillarity is the result of the interfacial energies between the different phases of a 
system (35). This is the cause of common effects such as capillary rise and is often 
observed in powder systems while drying is occurring, and results in the formation of 
“balls” in agitated drying processes (36). Formation of capillary bridges as shown in 
Figure 1-5 increases the energy required to separate two particles from each other 
as a result of the surface tension of the bridging liquid. Further to this, low levels of 
solubility of the solid particle in the bridging liquid can result in dissolution, then on 
removal of the bridging liquid, a solid bridge being formed in its place.  
The result of this phenomenon is particularly important with regard to this study, 
where solvents with limited water miscibility were used. In these cases it is possible 
for water present on the surfaces of a particle to interact with water on the surface of 
another particle. This water forms a capillary bridge between the particles, this then 
increases the strength of any agglomerates that may be present in the system. 
Measurements of the result of this have been carried out by a number of groups and 
are discussed further in 1.7.4. 
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Figure 1-5. Capillary bridge formation between two colloidal particles. 
1.4 Stabilising effects 
The destabilising forces and effects described in Section 1.3 need to be 
counteracted to enable the stabilisation of colloidal systems. Stabilisation of colloids 
can be achieved by two possible mechanisms:  
(a) electrostatic forces  
(b) steric hindrance  
1.4.1 Electrostatic forces 
In aqueous systems, the surface of particles can often develop a layer of electrical 
charge. A layer of oppositely charged ions can then adsorb on the particle (termed 
the Stern layer), this fixed layer is then surrounded by a diffuse layer of charged 
counter ions (Figure 1-6). This results in charge repulsion between the layers 
surrounding two particles, thus limiting particle aggregation.  
 
 
  
Colloidal particle Capillary bridge 
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Figure 1-6 Graphical representation of electrical double layer which causes 
electrostatic repulsion between particles 
The size of the double layer is a function of the ionic strength of the media, the 
dielectric properties of the media and the level of surface ionisation occurring. 
Where the surface ionisation is great and the ion density is relatively low, the double 
layer will be over a long distance. If the ionic strength of the system is increased, the 
radius of the double layer is decreased as the surface ions are effectively balanced 
in a smaller area.  
The electrostatic repulsive force can be calculated from (2;37) 
𝑉𝑒𝑙𝑒𝑐𝑡 = 2𝜋𝜀𝜀0𝑟𝜓
2 ln[1 + exp (−𝜅𝑑𝑖)] 11 
Where 𝑉𝑒𝑙𝑒𝑐𝑡 is the electrostatic repulsion, 𝜀 is the dielectric constant, 𝜀0 is the 
permittivity of free space, 𝑟 is the particle radius, 𝜅 is the reciprocal of the Debye 
length and 𝜓 is the surface potential, this can be approximated by the zeta potential 
() 
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1.4.2 Zeta potential 
The Zeta potential is the charge present at the shear plane of a particle. It is this 
which is generally measured in order to calculate the electrostatic repulsion. The 
zeta potential is itself calculated from the electrophoretic mobility via the Henry 
equation (38)(equation 12). 
𝑈𝐸 =
2𝜀𝑓(𝐾𝑎)
3𝜂
 12 
Where 𝑈𝐸 is the electrophoretic mobility, 𝜀 is the dielectric constant,  is the zeta 
potential, 𝜂 is the viscosity of the suspending media and 𝑓(𝐾𝑎) is Henry’s function, 
which is generally approximated by the use of the Smoluchowski approximation of 
1.5 in water or the Huckel approximation of 1.0 in non-aqueous systems (38;39).  
In non-aqueous, low conductivity systems, the value of the zeta potential has 
significant errors associated with it. These result from both the experimental 
measurement and errors brought in as a result of the approximations used in the 
calculation of the zeta potential.  
Furthermore differences in the measurement of zeta potential in samples that are 
apparently identical have been observed. In a study by Min et al. a change in zeta 
potential over time was observed (40). This was attributed to changes in the water 
content of the samples on standing. This needs to be taken into consideration when 
zeta potential is measured in this study.  
1.4.3 Steric hindrance 
Steric hindrance is the physical prevention of particles agglomerating. This is 
normally achieved by the addition of polymers or surfactants to a system. 
Surfactants are a class of molecules which are surface active.  They are made up of 
a polar head group and a non-polar tail, this tail may be polymeric in nature. This 
construction enables them to bind to the surface of a particle or stabilise an interface 
between two liquids reducing the surface or interfacial energy.  
When dissolved a surfactant will be randomly dispersed up until the critical micelle 
concentration (CMC) is reached, at which point the surfactant will associate to form 
micelles (see Figure 1-7). In aqueous systems, the polar head group is on the 
outside of the system with the non-polar tail pointing inwards. In non-aqueous 
systems, the reverse is true. 
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Micelles can be used for many purposes. The centre of the micelle provides an area 
with different properties to the bulk solution meaning that substances that are not 
soluble in the bulk may be solubilised in the centre of the micelles. 
Other than the orientation of the surfactant molecules there are a number of other 
differences in the behaviour of micelles in non-aqueous systems: 
 The CMC tends to be much lower than in aqueous systems.(41)  
 The level of water contamination in non-aqueous systems has a significant 
effect on the CMC.  
 The micelles in non-aqueous systems can carry charge, enabling the 
electrostatic stabilisation of the system (42;43).  
 
Figure 1-7. Diagrammatic representation of micelles in aqueous and non-aqueous 
solvents. 
In this work, as the CMC is very low in many non-aqueous solvents, the levels of 
surfactant used are above the CMC (44).  
Steric hindrance is potentially of more importance in the stabilisation of API colloids 
in organic solvents (45;46). With pharmaceutical products, the use of surfactants is 
limited to those which are generally regarded as safe (GRAS). The list varies 
depending on the route of entry for which drug product is intended, i.e. pulmonary 
GRAS surfactants differ from oral GRAS surfactants. The suitable selection of 
surfactant is important as the use of an unsuitable stabiliser can have a negative 
impact on the stability of the particles due to depletion forces (see 1.3.2).  
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The use of steric hindrance to stabilise a system relies on the physical separation of 
two surfaces via the attachment of the surfactants to the surface of a particle. There 
are some general requirements for stabilisation to occur (47). 
 The surfactant is strongly adsorbed onto the surface. 
 Large initial separation distance between particles. 
 Flory-Huggins polymer solvent interaction is less than 0.5. 
 Low unadsorbed surfactant concentration. 
The repulsion provided by steric hindrance is a short range force extending a length 
of twice the length of a single non-polar tail group or polymer chain (2R) (see Figure 
1-8). Extension of the polymer chain length can be used to control the length over 
which the repulsion occurs. The effective polymer length is a result of a combination 
of the interaction of the polymer with the solvent and particle and the length of the 
polymer chain.  
At longer ranges, the van der Waals interactions dominate. The addition of these 
forces results in a situation similar to that shown in Figure 1-9. The minimum found 
in Figure 1-9  is associated with a flocculated state. The depth and location of this 
minimum is a function of the system, i.e. the particle, surfactant type and chain 
length and solvent. By adjusting these parameters, it is possible to change the 
stability of a sol. 
 
Figure 1-8. Diagrammatic representation of steric hindrance  
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Figure 1-9 Addition of steric and Van der Waals force interactions 
1.4.3.1 Adsorption kinetics   
In order for a surfactant to be effective at sterically stabilising a system, it must be 
adsorbed onto the surface of a particle. This process is not instantaneous but a 
function of the media and size of the polymer. Smaller chain polymers will migrate 
and adsorb to a surface faster than the same type of surfactant with a larger 
polymer chain.  
When a surfactant is added to a system, it has been observed that smaller chain 
surfactants initially adsorb onto the surface. Over time these are replaced by longer 
chain polymers that have a greater affinity for the surface of the particle. The 
adsorption of surfactants is always in competition with solvent molecules at the 
particle surface, making the understanding of the system more complex. 
Many researchers (48-52) have used pseudo first order (Equation 13) and pseudo 
second order (Equation 14) equations to explain the kinetics of the process. The 
majority of work in this area has found a good fit for the pseudo second order and a 
poor fit for the pseudo first order kinetics. 
𝑑𝑞𝑒
𝑑𝑡
= 𝑘1(𝑞𝑒 − 𝑞𝑡) 
13  
 
𝑑𝑞𝑒
𝑑𝑡
= 𝑘2(𝑞𝑒 − 𝑞𝑡)
2 
14 
 
Where 𝑞𝑒 and 𝑞𝑡 are the adsorbed quantities per unit mass at equilibrium and time t 
respectively; 𝑘1 and 𝑘2 are the rate constants of the pseudo first order and second 
Potential energy Interparticle distance 
Sum of forces 
Van der Waals attraction 
Steric forces 
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order respectively. These are less relevant in this study as the systems will be 
allowed to equilibrate prior to any measurement being taken.  
1.5 Integrating theories and mathematical models 
There are a number of different models that have been successfully applied to 
colloidal systems to consider the interplay of the forces described previously. The 
most widely used are the; Derjaguin and Landau, Verway and Overbeek (DLVO), 
and extended DLVO (XDLVO) theories. A third mathematical relation has also been 
used, working by using a stability ratio. 
1.5.1 DLVO and XDLVO theory 
The DLVO theory was developed for aqueous colloidal systems and has been found 
to be widely applicable to these systems. It was developed in the middle of the last 
century by two different groups independently. The name of the theory relates to the 
names of its developers: Derjaguin and Landau, Verway and Overbeek. (53) 
The DLVO theory works by summing together the Van der Waals attractive and 
electrostatic repulsive forces. The DLVO equation is shown in Equation 15, this  
sums the forces acting in a system using Equation 4 for calculation of Van der 
Waals (𝑉𝑣𝑑𝑤) attraction and Equation 11 for the calculation of repulsive forces 
(𝑉𝑒𝑙𝑒𝑐𝑡).  
𝑉𝐷𝐿𝑉𝑂 = 𝑉𝑣𝑑𝑤 + 𝑉𝑒𝑙𝑒𝑐𝑡 15 
The system ignores forces such as depletion forces due to polymers. The theory 
predicts that, as there will be a very limited double layer in organic non-polar 
systems, the attractive forces will be dominant.  
The DVLO theory is very simple and applies in many instances, however, it has 
sometimes been found lacking. Extended forms have been developed to include 
factors such as acid base interactions, hydrophobic effect (54), hydration forces and 
depletion forces, etc. These extended forms have been found to be more broadly 
applicable.  
An extended form of the DLVO theory, which includes a steric term has also been 
used (18;47) in the prediction of stability (Equation 16).  The steric term may be 
calculated via an equation suggested by Evans and Napper (55) (Equation 17) 
which extends the steric repulsion theory existing between two planes to that of 
spheres, this only holds where the steric layer is smaller than the particle radius.  
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𝑉𝑡𝑜𝑡 = 𝑉𝑣𝑑𝑤 + 𝑉𝑒𝑙𝑒𝑐𝑡 + 𝑉𝑠𝑡𝑒𝑟𝑖𝑐 16 
𝑉𝑠𝑡𝑒𝑟𝑖𝑐 =
(2𝜋)
5
2
27
<  𝑟𝑝 >
3
2 ⏀2(𝛼2 − 1)𝑟𝑆𝑙𝑘𝑇 
17 
 
Where, 𝑉𝑠𝑡𝑒𝑟𝑖𝑐 is the calculated steric hindrance, 𝑟𝑝is the end-to-end free polymer 
length: 𝑆𝑙 is a description of the tail and loops at different particle separations, 𝑘 is 
the Boltzmann constant, 𝑇 is the absolute temperature, ⏀ is the volume fraction; 
and 𝛼 is the Flory expansion parameter. 
Figure 1-10 shows a diagrammatic representation of a DLVO plot. A secondary 
minimum in the energy curve represents a flocculated state. It is possible for the 
material to form easily reversible flocs when the particles reside in this minimum. 
The primary minimum represents a strongly agglomerated state which would require 
significant energy to break. Where an energy barrier to accessing the primary 
minimum is greater than 25kT (32) it is unlikely that it will be overcome. This means 
the primary minimum is inaccessible and the colloid will have a resistance to 
irreversible agglomeration. The system may therefore reside in the flocculated state 
associated with the secondary minimum.  
 
Figure 1-10. Diagrammatic representation of DLVO interaction plot. 
1.5.2 Coagulation 
Published in Germany in 1916, Smoluchowski’s Equation described the coagulation 
of colloidal particles (56). Initial aggregation is due to Brownian motion causing 
particle collisions, thus, resulting in a dramatic initial increase in size. Upon reaching 
a limit the rate decreases due to a reduction in the diffusion coefficient. The nature 
and rate of the coagulation process is dependent on the morphology, composition 
Potential energy Interparticle distance 
Primary minimum 
Secondary minimum 
Energy barrier 
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and density of the components. The interactions occurring between colloidal 
particles can be added (57) together (Equation 18) to give a measure of the 
interparticle potential energy 𝑉𝑡𝑜𝑡𝑎𝑙. 
𝑉𝑡𝑜𝑡𝑎𝑙 = 𝑉𝑣𝑑𝑤 + 𝑉𝑒𝑙𝑒𝑐𝑡 + 𝑉𝑠𝑡𝑒𝑟𝑖𝑐 + 𝑉𝑠𝑡𝑟𝑢𝑐𝑡 18 
 
Where 𝑉𝑣𝑑𝑤= potential energy due to Van der Waals; 𝑉𝑒𝑙𝑒𝑐𝑡 = PE due to electrostatic 
repulsion (see 1.4.1), 𝑉𝑠𝑡𝑒𝑟𝑖𝑐 = potential energy due to steric hindrance (see 1.4.3), 
𝑉𝑠𝑡𝑟𝑢𝑐𝑡 = PE due to non-adsorbed species in solution (see 1.3.2). 
Alderman et al (58) observed that where surfaces of nanoparticles contain H-
bonding groups this stronger force is also possible, while the presence of such 
groups allows the particles to form much stronger clusters. However, these same 
groups also result in the particles being wettable. Therefore, if there is water present 
in the system, the increased strength of clusters could also result from capillary 
forces.  
1.6 Coulombic relationship 
The use of a Coulombic relationship (equation 19) in place of DLVO theory was 
suggested by Morrison (59). He uses this, as the Debye length in non-aqueous 
systems is so large, much greater than the interparticle distance. This results in the 
ionic concentration in any double layer being the same as that in the bulk solution. 
Therefore assessing in relation to a simple Coulombic relationship is applicable. 
Smoluchowski developed an initial equation which Fuchs (60) further extended 
shown in equation 20. 
𝐹 =
𝑞1𝑞2
𝑟24𝜋𝜀0
 19 
Where, 𝐹 is the Coulombic repulsion, 𝑞 is the charge, 𝑟 is the particle radius and 𝜀0 
is the permittivity of free space. 
𝑊𝑐 = 2𝑟 ∫
𝑒𝑥𝑝(
𝑈𝑡𝑜𝑡
𝑘𝑇
)
𝑅𝑖
2
∞
2𝑟
𝑑𝑅𝑖 20 
Where, 𝑊𝑐 is the stability constant, 𝑟 is the particulate radius, 𝑈𝑡𝑜𝑡 is the interparticle 
potential, 𝑘 is the Boltzman constant, 𝑇 is temperature and 𝑅𝑖 is the distance 
between the centres of the particles. It should be noted that the units used in the 
equation are not SI, the length units used are instead µm. 
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Evaluation of this equation for a low ionic strength system gives equation 21. 
𝑊𝑐 ≈ (
𝑘𝑇
2𝜋𝜀𝜀0𝑟𝜁0
2)𝑒𝑥𝑝 (
2𝜋𝜀𝜀0𝑟𝜁0
2
𝑘𝑇
) 21 
Morrison evaluated this equation by applying a value of 10,000 as a ratio at which 
the system will be stable, giving equation 22 as a way of assessing the stability of a 
colloidal system in systems with very low ionic strength (59). 
𝜁0
2 >
103
𝜀𝑟
 22 
 Surprisingly this equation has not been significantly tested in the literature. 
1.7 Review of state of the art for non-aqueous 
colloids 
While sols in organic solvents are far less studied and understood than aqueous 
suspensions, significant work has been carried out looking at organosols. 
Organosols is the term commonly used to describe systems of inorganic solids in an 
organic solvent (61). These organosols have been studied for use in various 
applications such as, inks, magnetic tape recording, lubricants, e-readers, etc. A lot 
of this work focuses on the use of surfactants to stabilise the sols. Far less work has 
been reported in the area of organic molecules in organic solvents. Work in the area 
appears to come in the main from work to replace chlorofluorocarbons in metered 
dose inhalers in the 1990’s, although it is likely that considerable research on the 
dispersion of pesticides in organic solvents have been undertaken, though little has 
appeared in the open literature. 
In this section the literature associated with the study of the different non-aqueous 
systems is reviewed. The work has been separated into a number of different sub 
areas considered in: 
 Electrostatic forces. 
 Application of DLVO theory. 
 Surfactant effects. 
 Capillary forces. 
This section will also highlight the applicability of the theory described earlier with 
respect to colloidal forces, in the context of organosols. 
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1.7.1 Electrostatic forces 
In aqueous systems the origin of electrostatic forces is well understood. With non-
aqueous systems, with increasingly low dielectric constants, the origin of such 
forces becomes less clear. Research in the area has been the subject of a number 
of reviews, Morrison (62) and Van der Hoeven and Lyklema (63) in the early 1990’s 
and more recently Smith and Eastoe (64).  
1.7.1.1 Origin of electrostatic force 
As discussed in 1.4.1 the double layer size is related to the ion concentration of the 
media and the degree of surface ionisation. In the review Van der Hoeven and 
Lyklema (63) state that in order for electrostatic forces to exist: 
1. Particles should carry a sufficient surface charge. 
2. There should be enough ions to render the potential decay around the 
particles large enough to provide effective repulsion, but there should not be 
as many as to compress the double layer completely.  
3. The Van der Waals interaction between particles should be such that a 
position can be found where the attraction is outweighed by electrostatic 
repulsion. 
There are a number of challenges that face the API in organic solvent systems if 
stabilisation via electrostatic forces is required: 
 Many of the organic molecules are not as readily ionisable as the inorganic 
particles. This means that even in the higher dielectric constant solvents 
where ionisation is relatively achievable the first point above may not be 
fulfilled.  
 With increasingly low dielectric constant solvents the ion concentration will 
be necessarily low. This results in the area over which the ions in the double 
layer are spread being large and the repulsive force having a long range. 
The potential decay in the double layer is therefore low, and will potentially 
not satisfy the second criterion above. 
Additionally to the factors above, the distance over which the charge needs to be 
separated in such systems needs to be considered. This distance is known as the 
Bjerrum distance. The Bjerrum distance (𝜆𝐵) (42;64) is the distance at which the 
energy is equal to the thermal energy (𝑘𝑇) (see equation 23) and therefore ions are 
stable. Evaluation of this equation shows that when comparing the Bjerrum distance 
in water with a non-polar solvent where the dielectric constant is approximately two, 
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such as for decane, the charges need to be separated by large distances. These 
distances are approximately twenty times that required to stabilise systems in water. 
𝜆𝐵 =
𝑒2
4𝜋𝜀0𝜀𝑘𝑇
 23 
Where 𝑒 is the elementary charge, 𝜀0 is the permittivity of free space, 𝜀 is the 
dielectric constant. 
For these reasons, the generation of significant electrostatic repulsive forces is 
difficult. This is particularly true where the solvent has a low dielectric constant. Any 
force resulting from these electrostatic forces is likely to be small.  
Sanchez and Bartlett (65) demonstrate that it is possible to control the particle 
charge in low dielectric constant solvents by use of large, bulky ionic groups. The 
size of these groups results in a reduction in the energy barrier to ionisation. This 
results in the effect of a large Bjerrum length being reduced, making it possible to 
generate substantial particle charges. 
1.7.1.2 Magnitude of repulsive forces 
The magnitude of the repulsive forces resulting from the electrostatic interaction has 
been measured by a couple of different groups using SFA and AFM. Briscoe and 
Horn (66) measured the interaction between two Mica surfaces in decane using 
modified SFA. They found that the forces observed were an order of magnitude 
lower than those found in aqueous systems and while the forces were very small 
they were detectable across a greater distance. This is supported by the findings of 
Bower et al (67) where the AFM was used to measure the forces acting between 
glass surfaces in decane and water and again an approximate order of magnitude 
difference was found between the two interactions. 
1.7.1.3 Impact of water on electrophoretic mobility and interaction forces. 
The ubiquitous nature of water in the environment means that carrying out 
experimentation in a truly dry environment is at the least very challenging. The 
impact of low levels of water on the electrostatic behaviour of such systems is 
therefore of critical interest in understanding the field. 
In a number of studies (20;66-68) it has been found that water has a significant 
effect on both the, electrostatic forces between particles in non-aqueous systems, 
and the electrophoretic mobility of the particles both with and without the presence 
of surfactants. Surfactants will be discussed more fully later (see Section 1.7.3). As 
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mentioned above there are inherent difficulties in achieving a “dry” sample of non-
aqueous solvent. As water is ubiquitous in the atmosphere when solvent is opened 
to the atmosphere for measurement, or particulates added to the system, it is likely 
that small quantities of water will be introduced to the system.  
In his review, Morrison (62) cites work by Damerell et al (69). In this study the 
addition of water to a suspension of various solids in xylene does not result in 
electrophoretic migration of the particles and in the driest conditions used, 
electrophoretic migration was still observed. This is converse to what is found by 
Hughes et al (70) when looking at Copper Phthalocyanine in 1-methoxypropyl 2-
acetate. Here the authors find that the addition of an initial small amount of water 
had a significant effect on the surface charge of the particles. The addition of 1% 
water to a suspension in ethyl acetate changed the charge from +7.7 mV to -1.7 mV. 
This difference is likely to be due to the ability of the different solvents to support 
ionisation; ethyl acetate has a dielectric constant of 6.0 whereas for xylene this is 
2.2. Therefore, the addition of water enhancing the dissociation of ions is likely to 
have a larger effect in ethyl acetate. Alternatively, this may be a result of the variable 
effectiveness of the drying process used in each case.  
A second interesting phenomenon was observed by Briscoe and Horn (66). The 
authors found that, on addition of water, the weak oscillatory force present between 
two mica surfaces in “dry” dodecane was no longer present.  
The lack of agreement in the results suggests that the sensitivity to water is probably 
system dependent. This variation in response is potentially significant in the study of 
API sol systems.  
1.7.2 Application of the DLVO theory to non-aqueous solvents 
As mentioned in Section 1.5.1, the DLVO theory was developed to describe the 
behaviour of aqueous systems. This leads to the question of its applicability for non-
aqueous systems. The applicability of the DLVO theory in non-aqueous colloidal 
systems has been studied by a number of different groups.  
Rubio-Hernandez (71) studied the interaction between latexes in alcohol: water 
mixtures in order to test a “bridging” system between aqueous and organic systems. 
The authors find that the electrostatic repulsion between the double layers, while still 
present in the sols, does not provide a full explanation for the repulsion between the 
particles and an additional mechanism must be taken into account in these systems.  
Bower et al (67) carried out an AFM study on glass in various aqueous and non-
aqueous systems and applied XDVLO theory to the same systems. They find that 
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the XDLVO and DLVO theories do not accurately predict what is seen in the system 
while the predictions were good for the aqueous systems. Briscoe and Horn (66) 
found that, while in most cases the DLVO theory is not appropriate, when there is an 
excess of water present in the decane dioctyl-sodium sulfosuccinate (AOT) system, 
the DLVO theory may be appropriate. 
Ma et al (72) found that DLVO theory is applicable to the electrostatic interaction 
when looking at a system of polyetheretherketone in ethanol. However, it has not 
been possible to find references that look at the force interaction directly via AFM or 
SFA.  
The ability of DLVO theory to model the behaviour of the systems appears to be 
related to the solvent and particle in question. Unlike with aqueous systems where 
DLVO and related theories are broadly representative of behaviour of the system, 
with non-aqueous systems, applicability of the theory will need to be assessed.  
1.7.3 Surfactant effects 
Electrostatic forces appear to be insignificant and of very low magnitude when 
considered in a two component system consisting of only solvent and particles. In 
order to elicit greater stability, the addition of surfactant is common.  
In non-aqueous systems, aggregation of surfactant occurs in a similar way to that in 
aqueous systems. However, they are inverted with the polar head groups central 
and the non-polar tails facing to the bulk solutions as discussed in Section 1.4.3. 
The CMC of surfactants in non-aqueous systems is significantly lower than that in 
aqueous systems (73) and the level of water in the systems is known to have a 
significant effect on the CMC (74).  
Many studies have been carried out investigating the impact of surfactants in non-
aqueous systems. This was the subject of a comprehensive review in 2013 (64) and 
is discussed further in Section 1.7.3.2. The most commonly used surfactant with 
organic systems appears to be dioctyl sodium sulfosuccinate (see Figure 1-11) 
commonly known as Aerosol OT or AOT.(43;67;75;76). AOT is an anionic surfactant 
that is soluble in both aqueous and a wide range of organic systems including long 
chain alkanes. 
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Figure 1-11. Structure of AOT 
When ionic surfactants are used, it is found that the charge exhibited by 
suspensions with the surfactant present is of the opposite charge to that which is 
found when used in an aqueous system. This has been observed in many different 
studies (43;77;78). McGown et al (43) suggested that this could be attributed to the 
preferential adsorption of the counter ions at the particle surface, resulting in the 
surface becoming oppositely charged to the surfactant. In a more recent study 
Gacek and Berg (79) use an argument based on acid-base effects to explain the 
particle charging. This appears to be a more generally applicable explanation than 
that proposed by McGown et al. 
1.7.3.1 Surfactant adsorption 
Before considering further the effect of surfactant on the electrostatic repulsion it is 
worth considering the way in which the surfactant interacts with the surface of the 
particle. This has been considered from a number of different angles.  
The interaction of AOT and solid particles was investigated by Smith et al. (75). The 
authors found that in all cases other than the PMMA latex where AOT was 
absorbed, that the surfactants were adsorbed onto the surface of particles. It is likely 
that the same will be true for the small molecules that will be investigated in this 
work, as there is not space in the crystal structure for the material to be absorbed.  
Water appears to have a potential impact on the adsorption of the surfactant on the 
surface. Malbrel and Somasundaran (80) studied the impact of water on adsorption 
of AOT on Alumina in cyclohexane. They showed that the adsorption of AOT on to 
the surface of alumina particles in cyclohexane is impacted by the water/AOT molar 
ratio, the adsorbed material decreases with an increase in the level of water in the 
system. Earlier work (81) had shown no significant change in the AOT adsorbed 
when further water was introduced, which was in agreement with (43). All the 
reported data have significant noise associated with the measurement and it is 
therefore difficult to make firm conclusions. More recent studies (67) have shown 
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that the surfactant layer can swell with the addition of water. It is suggested that this 
is potentially due to a number of different factors such as the micelles or 
hemimicelles on the surface of the particles.  
1.7.3.2 Effect of water on surfactant stabilisation and electrostatic 
interactions 
There have been a number of different investigations into understanding the role of 
surfactant on electrostatic repulsion in low dielectric constant media. It has been 
found that the level of water present in the system is key to stabilisation.  
SFA and AFM have been used to measure the changes in attractive and repulsive 
forces. Studies have shown (80;81) that a small amount of water is required in a 
system of Alumina in cyclohexane with AOT in order to stabilise a system. Briscoe 
and Horn (66) find that the addition of water results in an increase in the repulsive 
force measured by SFA when AOT is present. McGown et al (43) observed that a 
zeta potential greater than +/-50mV is required to stabilise a system of Rutile in 
Xylene with AOT present. On addition of water, they find that a maximum is 
observed in the zeta potential before a drop being again observed. Kitahara et al 
(82) observe a similar phenomenon for systems of carbon black and barium sulfate 
in cyclohexane, benzene and heptane, in the presence of AOT or polyoxyethylene 
nonylphenol ether. With all these observations there is significant noise in the 
measurements which were reported. It is plausible that some of the trends observed 
are within statistical error.  
Investigations into the dispersion of calcium carbonate in various organic solvents 
found the effect of water differed between aromatic and aliphatic solvents (83). In 
aromatic hydrocarbons (toluene) the amount of water in the system had an effect on 
the electrophoretic potential, however, in aliphatic solvents (cyclohexane and 
dodecane) no dependence was found. These observations are attributed to the 
solubility of the surfactant used in the suspending media. The surfactants were more 
soluble in the aromatic solvents. It is suggested that when the surfactant is more 
soluble, the water can reduce the binding potential of the surfactant to the particle. 
This results in a change in the electrophoretic potential. This was further supported 
by an observed time dependence of the mobility, which correlated with the solubility 
of the surfactant in the media.  
The origin of the ions in systems stabilised by ionic surfactants can potentially 
originate from two different sources: 
1. Ionisation of the surfactant. 
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2. Ionisation of the particulate surface. 
In both cases the charge can be carried by the micelles.  
Studies have also been carried out into the effect on electrophoretic potential of non-
ionic surfactants adsorbed onto particles. For example, Poovarodom and Berg (42) 
used non-ionic surfactants Span 80, which has a fatty acid composition with acidic 
character and polyisobutylene succinimide (OLOA 11000) which has basic 
character. They showed that below the CMC there is little evidence of surface 
charging. However, above the CMC surface charging is possible. Above the CMC it 
was found that the acidic and basic character of the particles and surfactants is key 
to both the charge on the particle, and the level of charge on the particles. They 
found that surfactants with basic characteristics produced negatively charged 
particles and vice versa. Particle mobility is at its greatest when surfactants with 
basic character are paired with acidic particles and presumably the same would be 
true with the opposite combination. The other interesting finding in this paper is the 
decrease in electrophoretic mobility on increasing the micelle concentration. This is 
attributed to either the neutralisation of the surface potential by the surfactant or the 
compression of the double layer that is formed. The same effect was found with the 
ionic surfactant AOT by (84) in a colloidal system of poly(methyl methacrylate) in 
dodecane.  
Guo et al (85) also find that non-ionic surfactants can be used to modify the 
conductivity of the non-polar solvent hexane. This further indicates that above the 
CMC it may be possible for non-ionic surfactants to have an effect on the 
electrostatic repulsion in a sol. 
Smith and Eastoe (86) showed that it is possible to use surfactants to induce 
different responses to magnetic fields, by using didodecyldimethylammonium 
bromide derived surfactants with either a large or very low dipole moment in order to 
elicit the response they desired.  
Bower et al (67) show that the addition of the surfactants and salts in engine oil 
result in behaviour of the colloidal system similar to that found in aqueous systems 
1.7.3.3 Summary of surfactant effect 
It appears that there is a fairly complex picture in the relationship between steric 
stabilisation, water and electrostatic stabilisation. Some key points and trends can 
however be drawn from organosols: 
 For effective stabilisation a small amount of water is required. 
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 It is not necessary for the surfactant to be ionic in order to result in an 
increase of the magnitude of the electrophoretic potential, where non-ionic 
surfactants are used acid: base interactions can enable this.  
 It appears to be more important that there are micelles present which can 
carry the counter-ions.  
 The presence of micelles acts to reduce the size of the double layer 
sufficiently to produce an effective repulsion. However, too high a level is 
likely to have the same effect as increased salt concentration in water and 
decrease the size of the layer to ineffectively small.  
The charge on the particle can be varied by use of different surfactants and surface 
chemistry. The magnitude of this charge can be changed by adjusting various 
parameters such as water level and concentration. The addition of combinations of 
surfactants and salts can enable the systems to behave in a similar manner to that 
of aqueous systems.  
1.7.4 Capillary forces  
The effect of water on the electrostatic repulsion was discussed above, however, 
this is not the only way in which water can affect the systems. A second effect of 
water is causing capillary forces between particles. Capillary forces result from the 
uneven distribution of water in a sol. Where there is limited miscibility between the 
organic solvent and water; low levels of water have been shown to have significant 
effects on the behaviour. In these cases, it has been observed that the water in the 
system collects at the interface between the particle and solvent. This phenomenon 
has been studied with a range of different solvents and solids.  
The Kelvin equation (Equation 2) can be used to explain the propensity of water to 
form droplets at the surface of the particles by reducing the energy barrier to 
condensation as demonstrated by Nowak and Christenson (5). 
Kandori and Ishikawa (87) investigated the effect of water on sols of titanium dioxide 
in CCl4. With a surface coverage of water between 0.2 and 0.6, flocculation was 
observed with minimal precipitation. Above a surface coverage of 0.8, flocculation 
and instant precipitation was observed. Capillary forces are used to explain the 
change in behaviour of the material. Kandori et al (88) used a similar argument for 
the observations they made on Iron(III) oxide in cyclohexane. Kanda et al. (76) 
demonstrate the presence of the capillary forces due to the presence of water in 
cyclohexane on Mica surface using AFM. Theoretical calculations of the expected 
force from the Young-Laplace equation (equation 24) show that the force required 
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for the separation of the surfaces is in good agreement with the theoretical value, 
this supports the earlier findings of Christenson (89).  
∆𝑃 = 𝛾 (
1
𝑟1
+
1
𝑟2
) 24 
Equation 24 shows that the Young-Laplace equation provides a relationship 
between the pressure difference across the liquid interface (∆𝑃), the surface tension 
(𝛾) and the principle radii of curvature (𝑟1 and𝑟2). 
Min et al (40) investigated the impact of water and capillary forces on the friction 
observed in rod shaped nanoparticles in dodecane using the SFA. As with previous 
investigations they found that with dry dodecane only very weak forces are 
observed. This was seen to increase over time as water was absorbed from the 
atmosphere by the dodecane. They used mica sheets backed with silver and glued 
onto cylindrical silica. By this method they were able to measure the thickness of the 
water layer 
1.7.5 Effect of surfactant on capillary force 
Kanda et al. (76) investigated the effect of water and AOT on mica and SiO2. The 
addition of AOT to the cyclohexane containing water reduced the adhesion force of 
the surfaces to levels similar to those without the water present. Furthermore, on 
investigation of the interactions at different levels they found that the water affected 
the AOT interactions with the surface and it was possible to observe “jumps” in the 
forces measured. These distances were approximately two nanometres which is 
similar to those that would equate to the size of the AOT molecule. Once these 
layers had been penetrated, a hole appeared to have formed and the force 
measured was similar to that which would be expected from Van der Waals forces.   
Malbrel and Somasundaran (80) investigated the impact of water on the settling rate 
of particles with different levels of surfactant present. They found that once sufficient 
water is present to facilitate stabilisation, a plateau is found. Once water is above a 
critical level a sudden increase in settling occurs. This critical water level depends 
on the surfactant level present in the system. It would seem that this is likely to be a 
result of a switch from the water being trapped in micelles either on the surface of 
the particles or in solution to the water being free to be able to form bridges between 
particles (see 1.7.4). 
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1.8 Conclusions 
While there has been little work which is absolutely transferrable to the colloidal 
organic solid in non-aqueous solvent systems in question in this study, work that has 
been undertaken in the areas of aqueous sols and organosols has been 
investigated for the applicability and transferability of the understanding. It has been 
shown that the DLVO theory is not as predictive of the behaviour of non-aqueous 
systems as it is with aqueous systems. However, it may provide a qualitative 
prediction of the behaviour of many systems.  
The knowledge and understanding in the area of aqueous colloids shows that 
optical properties matching would decrease the attractive force due to van der 
Waals. Alongside this, a reduction in temperature would decrease the effect of any 
differences in optical properties. As temperature affects the optical properties also, 
this is something that could potentially be significant in impacting the behaviour of a 
colloidal system of interest in this work. 
The investigations into organosols have shown further factors as being important in 
the colloidal behaviour. The two factors that stand out as important are surfactant 
and water.  
The surfactant has been found to affect the stability of a colloidal system in a 
number of ways: 
 steric repulsion, 
 carrying of electrostatic forces creating a double layer of appropriate size 
such that repulsive forces can be of a significant magnitude to have an 
observable effect.  
 The level of water in the system has been shown to affect the: 
 adsorption of surfactant,  
 CMC of the surfactant in the solvent,  
 the presence of capillary forces, 
 electrostatic repulsion.  
The factors shown to be important here will therefore be investigated further in the 
studies. 
49 
 
1.9 Objectives of study 
The main objective of this work is to build an understanding of the key factors 
affecting the behaviour of pharmaceutically relevant particles in non-aqueous 
solvents. This main objective is subdivided into a series of more detailed objectives. 
Sub-objectives: 
 Identify the key factors that affect the behaviour of pharmaceutically relevant 
colloids.  
o Using the understanding of the key factors involved in the stability of 
organosols and colloids to more generally screen the factors to 
understand if the same factors are important to organic particulate 
non-aqueous sols. 
 Understand key interactions between parameters. 
o Probe the factors shown in the screening study to interact in more 
detail, in order to understand the causes of changes and interactions. 
 Develop a predictive model of system behaviours based on commonly used 
physical properties measurements 
o Probing the factors that are identified as important from the screening 
study in detail, investigate the relationship between the physical 
properties of the constituent parts and the behaviour of the systems 
 Understand if there are ways of limiting the effect of changes of inherently 
variable parameters on the behaviour of a system. 
o Where there is significant effect processing variations investigate 
ways of stabilising the factors to these effects.  
1.10 Summary 
In this Chapter the drivers for investigations in the area of non-aqueous colloids has 
been discussed along with the background theory of colloid stability. A literature 
review specifically into the area of non-aqueous colloids has been carried out and 
the results presented. This has identified a number of different potential factors 
impacting on the stability of non-aqueous systems. 
The review has highlighted the complexity and highly dependent behaviour of 
organosol material on the processing and measurement conditions used, with no 
clear overarching theory to encompass sometimes conflicting effects. The approach 
proposed in this work is, therefore, a screening approach. Initially, based 
parameters known to be important in aqueous colloidal systems and organosols 
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were investigated to assess their impact in pharmaceutically relevant sols in organic 
solvents. Those factors and interactions identified as of most interest were then 
studied in turn. 
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2 Screening factors impacting on the stability 
of the colloidal systems studied 
2.1 Introduction 
In this Chapter an initial screening study is described. It provides a description of the 
Design of Experiment (DoE) approach and specifically d-optimal designs, as used in 
this screening study. The results from the screening study and how they influence 
the direction of the remaining thesis is then discussed.  
The literature review revealed a wide range of potential factors which could impact 
the stability of a non-aqueous colloidal system; 
 solids concentration 
 temperature 
 surfactant level and type 
 solvent properties 
 water levels 
There was little indication of the relative importance of these factors. A screening 
experiment was required to enable the key factors to be identified.  To achieve this 
in the most expeditious fashion DoE has been used.  
DoE is heavily used in industry to carry out process optimisation, factor screening, 
robustness testing and finding design improvements. It is not commonly used in 
academia. It will be used in this case to screen the potential factors affecting the 
colloidal stability of a range of solids with different physical and chemical properties. 
(90) 
2.1.1 What is DoE? 
DoE is a way of statistically designing an experimental set in order to look at many 
different factors simultaneously. With this it is possible to understand both single 
factor effects and interaction effects between factors. There are many different types 
of DoE, the type of DoE selected depends on the type of information required. For 
example, if it is desired to understand a design space, then a factorial design will be 
appropriate. If more factors need to be added into the design after the initial 
experiments then a Doehlert design (91) would be more appropriate. A screening 
study is required in this case and therefore a d-optimal design (d-optimal designs 
are explained further in 2.1.3) has been utilised.  
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2.1.2 Why DoE? 
There are a number of drivers to use design of experiments (DoE): 
 The key reasons this approach has been selected is first to allow the rapid 
screening of many factors and secondly, to build an initial understanding of 
the key factors which contribute to the properties of a colloidal dispersion.  
 DoE also has advantages over the traditional changing of one single variable 
at a time approach. In that the whole space is investigated simultaneously, 
rather than a single line across each range of variables. This means that 
multiple factor interactions which would likely be missed with the single 
variable approach are more likely to be seen, or at least suggested. 
 The objective of a DoE is to know the response to a combination of 
parameters at any point within the design space. This could be achieved by 
carrying out all experiments and therefore know all points within the design 
space. However, with a space such as the one investigated here this is not 
practical or possible. DoE takes a selection of points which allow the 
prediction of the remaining points. The points selected then become the 
design. The selection and number of points is therefore the initial problem 
that must be addressed. 
 The amount of information gained by each subsequent experiment 
decreases. Therefore a statistical approach is taken in order to select a set 
of points from the full set which minimises the loss of information caused by 
not doing all possible experimental variations (92). This enables a balance 
between the time spent on a problem and the confidence required in the 
results.  
DoE in its simplest form considers all of the factors over a symmetrical range and 
varying all simultaneously about a centre point. By use of this method we can then 
locate the direction in which an optimum might lie, the greatest change occurs, or 
where factors which need controlling exceed specified limits: the actual finding will 
depend on the aim of the DoE.  
If we therefore consider the application of a full factorial DoE (all possible 
combinations of points) it can be seen that the number of experiments which are 
required multiply rapidly (92). For example, a problem containing 2 factors would 
require a centre point experiment and then a further 4 at each of the extremes as 
shown in Figure 2-1. This then increases to 9 experiments with 3 factors; this 
continues to multiply with each further factor that is added. It is also good practice to 
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have a number of replicates in order to understand the experimental error of the 
results. As mentioned above the amount of information gathered by each 
experiment diminishes, if the appropriate experiments are carried out, the loss of 
information resulting from omitting experiments can be minimised. The number of 
experiments carried out is decided by the confidence required.  
 
Figure 2-1. DoE experimental points for a 2 factor problem. 
When there are a large number of variables utilising a more powerful statistical 
approach is sensible. There are a number of different statistical approaches that can 
be taken to the investigation of the problem, which are more or less suited to 
different situations. The d-optimal design is a common approach which is well suited 
to the scoping study required here.  
2.1.3 D-optimal Experimental design 
The following section has been written with reference to (92;93) 
On a mathematical level a D-optimal design minimise the determinant of the 
dispersion matrix (Determinant – a quantity obtained by the addition of products of 
the elements of a square matrix according to a given rule). Therefore the dispersion 
matrix is optimal. Minimising the determinant of the dispersion matrix maximises the 
determinant of the information matrix. This minimises the errors transmitted through 
to the coefficients by the experimental error, as the error in the prediction is 
inversely proportional to the square root of the determinate of the information matrix. 
In short, by use of the d-optimal design the errors in the predicted points are 
minimised.  
D-optimal designs (maximising the determinant of a matrix(𝑋′𝑋)) are commonly 
used to establish the main factors which affect a problem and are therefore useful in 
screening experiments. They tend to lose information on some of the multifactor 
interactions but are good for the more simple effects – selected 1 and 2 factor 
interactions. The statistical approach allows selection of the most appropriate 
experiments in a set without knowledge of the results, as the variance of the 
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predicted results achieved from the model is dependent upon the experimental 
points selected and not the results. This is explained by the use of a linear model 
example (93). 
𝑦 = 𝑋𝛽 + 𝑒       25 
𝑏 = (𝑋′𝑋)−1𝑋′𝑦      26 
𝑉𝑎𝑟(𝑏) = 𝜎2(𝑋′𝑋)−1      27 
Where 𝑦 is the dependant variable, 𝑋 is the controlled factor, 𝛽 is the true variable 
excluding the experimental error and 𝑒 is an error term. 
 𝑏 is an estimate of the true variable 𝛽 so it can be seen from the 3rd equation that 
the variance of 𝑏 is only dependant on the 𝑋 terms and therefore not reliant on the 
results of the experimentation 𝑦.  
With the D-optimal design we start initially by consideration of the matrix of 
candidate points. This contains all possible points which could be used in the design 
e.g. if temperature and concentration were the variables a point would exist for each 
experimentally measurable point say every 0.5°C and 0.1 % w/w across the range of 
interest. The d-optimal design selects the optimum points for a design for a set 
number of experiments which can be carried out, i.e. if there is the resource 
available to carry out 9 - 15 experiments the algorithm will select the best 
experimental set to achieve the statistically most significant predictions.  
Software used to generate designs produce an approximate d-optimal design, this 
can be explained if we consider a matrix with 100 points and that we are able to 
perform 10 experiments there are many different combinations which are possible 
each with a different determinant. The number of combinations 𝐶𝑁
𝑛 is described by 
equation 4.  
𝑪𝑵
𝒏 =
𝑵!
[𝒏!(𝑵−𝒏)!]
      28 
Where n is the number of possible experiments and N is the number of candidate 
points. For this problem there are a possible 1.73 × 1013 combinations. The 
comparison of the determinants of all the possible combinations is therefore 
impractical requiring significant computing time and power. Therefore, algorithms 
have been developed which generate an approximate d-optimal design. The 
designs achieved by the same process repeated can vary as there is more than one 
possible design which will fit the criteria.  
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In order to analyse the results and assess the influence of different factors further 
statistical refining is required. There are a number of considerations that need to be 
taken into account as a limited number of experiments aliasing of factors will occur. 
Therefore, when the results are analysed it is necessary to assign effects to the 
most likely effects combination of factors. Taking a simple example, if there is the 
option of a result being caused by an interaction between BC or AB and scientifically 
AB is likely then this is the combination that should be selected. This needs to be 
taken into consideration when the experiment is being designed and where possible, 
factors that are equally likely to have an effect should not be aliased. 
Once the appropriate factors have been selected, by use of half normal plots those 
factors having the largest effect can be identified. In this way factors are selected for 
inclusion in the model, those factors which are insignificant and have no effect on 
the power of the model can be excluded. The model can now be evaluated using 
analysis of variance (ANOVA).  
ANOVA is a method by which, variation due to random error, can be separated from 
variation that results from changing the controlled factor. In order to carry out 
ANOVA; 
 the between sample variation is calculated from equation 29, 
 the within sample variation is calculated by subtraction of the sum of all the 
measurements (𝑇) for each of the data sets. 
 total variation is calculated via equation 30 
The mean square of the between sample and within sample variation is then 
calculated by dividing each by the degrees of freedom. These values are then used 
in the F-test (see equation 31). The critical value for the F-test, at the required 
probability (p-value) is then used to either accept or reject the null hypothesis. The 
higher the value of F the more likely the model factor is due to something other than 
random error. The p-value is the estimated probability of rejecting the null 
hypothesis, a confidence limit must be applied above which the null hypothesis will 
be rejected. The confidence limit selected depends on the requirements of the data 
being considered. The null hypothesis in this case is that, the result of the F-test was 
a result of noise. A confidence limit of 95% was used to consider that trends seen in 
experimental data were a result of factors other than noise and therefore significant. 
At less than 90% factors were considered insignificant. In reality this means that if 
the p-value was less than 0.05 a factor was considered significant and if it was more 
than 0.1 the model factor is insignificant. (94) 
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∑∑𝑥𝑖𝑗
2 −
𝑇2
𝑁
 30 
Where 𝑇 is the sum of all the measurements, 𝑁 is the number of measurements and 
𝑥 is sample data. 
𝐹 =
𝑏𝑒𝑡𝑤𝑒𝑒𝑛 𝑠𝑎𝑚𝑝𝑙𝑒 𝑚𝑒𝑎𝑛 𝑠𝑞𝑢𝑎𝑟𝑒
𝑤𝑖𝑡ℎ𝑖𝑛 𝑠𝑎𝑚𝑝𝑙𝑒 𝑚𝑒𝑎𝑛 𝑠𝑞𝑢𝑎𝑟𝑒
 31 
Where 𝐹 is the result of the F-test. 
2.2 Application of the DoE to identify the key 
variables 
There are a number of software programs which calculate and allow the evaluation 
of d-optimal designs. The software used to develop the design for this problem was 
Stat-ease® Design Expert 7® (DX7). DX7 can be used to both select the 
experimental design and then evaluate the results of the experiments which formed 
part of the design. 
As mentioned previously, a DoE approach enables a selection of points which will 
cover a design space then enable the processing of the results to understand the 
influence and interconnection of the factors within that design space. For a DoE to 
be effective, the parameters and their ranges are key to the production of a set of 
experiments which will generate good predictions. Therefore providing an accurate 
illustration of what is influencing the system. Therefore when developing a DoE the 
preparatory work is invaluable and may require some preliminary experimentation to 
understand where the limits for the factors to be investigated lie.  
The following factors were identified during the literature review as potentially having 
a significant impact on the stability of the systems 
 Water content. The addition of water into a system is likely to have a range 
of different effects. In non-aqueous systems the addition of water may have 
a significant effect on the electrostatics in a system. Furthermore, where 
surfactant is present the water level will influence the CMC.  
 Solid concentration. The solids concentration affects the interparticle 
distance and therefore the range over which interactions will take place.  
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 Temperature. Temperature has an effect on the energy available for particles 
to overcome energy barriers. Temperature also affects the refractive indices 
and other properties of the solvents, these factors all play a part in the 
calculation of interactions. It is established that matching by matching optical 
properties it is possible to limit the interaction between particles. Therefore 
the increase or decrease in temperature may result in alterations in the 
stability of the systems. 
 Surfactant type and concentration. The presence of surfactant can help in 
the formation of a double layer, by increasing the ability of a solvent to form 
of ions. The surfactant molecules will also affect steric stabilisation or 
depletion flocculation depending on the interaction with the surface of the 
particles. 
 Solid type. The solid particle will affect the sol as a result of its interaction 
with the other components in the sol as well as the surface charge and 
ionisability of the particulate surface.  
 Solvent. The solvents used have a variety of properties. Higher dielectric 
constant solvents will support greater ionisation, this will result in the greater 
influence of electrostatic forces owing to the ability for a double layer to be 
formed. The viscosity and water miscibility will also be important as will 
influence settling rate and interaction with water present in the system. 
2.2.1 Parameter range selection 
Water content. Water content of the solvent was measured before the solid was 
added. All runs were setup on the same day to limit variation due to humidity. As the 
method and the addition of surfactant preclude the application of a completely 
anhydrous system, it was decided not to specifically dry the solvent, but to start with 
solvent supplied as anhydrous. The dry system used for this set of experiments 
contains any water in the solids as well as in the anhydrous solvent. This base level 
of water was then followed by increase of 0.5%v/v water to the system as the upper 
limit. Literature suggests (66;95) that levels of water below this will have a 
measureable impact. A level of water above that which has previously been shown 
to have an effect was selected in order to ensure it would be possible to observe 
any effect. 
Solids concentration. A lower concentration of solids of 1% w/v of solvent added 
was used as this represents the minimum acceptable concentration for a spray 
drying process which would be required to isolate the colloidal particle from solution. 
An upper level of 10% w/v was selected as this is more efficient in terms of solvent 
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and milling efficiency. At loadings 10% w/v the viscosity for some systems was 
excessive and a reduction in milling efficiency is seen rather than the initial increase 
with increasing solid loading.   
Temperature. The high temperature of 50ºC was used as this is a maximum which 
would be acceptable with most solvents in the milling process due to evaporation 
and process safety considerations. A low temperature of 5ºC was selected as this is 
a readily achievable storage temperature for suspensions.  
Surfactant/additive. Additive was either absent or present at a level of 2 mg/m2 of 
solid surface, assuming a particle diameter of 300 nm (the calculation used can be 
found in appendix B). This gives an excess of 1 mg/m2 to the 1 mg/m2 which is 
approximately what is required to provide surface coverage. For example: 
 Polysorbate 80 has a polar head group surface area of 133Å and a 
molecular mass of 604.6g/mol (96), this gives a mass required for monolayer 
coverage of 0.8 mg/m2 . 
 AOT has a polar head group surface area of 54 Å and a molecular mass of 
444.6g/mol (97), this gives a mass required for monolayer coverage of 1.4 
mg/m2. 
Three different additives have been selected.  
 Magnesium stearate, while not conventionally a surfactant, was selected as 
it has been shown in previous experimental work to have an impact on the 
colloidal behaviour. Magnesium stearate is in reality a mixture of a number of 
different fatty acid salts, the two major components are the palmitate and 
stearate salts. The magnesium stearate used here was purchased from 
sigma. The molecular structure of Magnesium stearate is shown below. 
 
Figure 2-2. Molecular structure of Magnesium stearate. 
 Dioctyl-sodium sulfosuccinate (AOT) is an ionic surfactant and has been 
used in both aqueous and non-aqueous systems to provide a negative or 
positive charge on the particles respectively. It has been shown to have an 
impact on the stability of both systems. This will provide an insight into the 
impact that can be achieved by electrostatic repulsion in the system. The 
AOT was purchased from Sigma Aldrich. The molecular structure for AOT is 
reproduced below. 
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 Polysorbate 80, a non-ionic surfactant will be used. This is commonly used in 
particle sizing techniques in order to stabilise the particles being measured, it 
is also GRAS for a range of formulations. The molecular structure is shown 
below. 
 
Figure 2-3. Molecular structure of Polysorbate 80. 
Solid used. Three solids have been used for this study, API A, API B and α-lactose 
monohydrate (lactose). These solids were selected as they provided three different 
sets of physical properties. The solids were also selected to ensure the solubility 
was low and the crystalline form stable, in all of the solvents investigated. 
 Lactose was used as a solid which was relatively hydrophilic and 
hygroscopic.  
 API A was selected as a hydrophobic solid 
 API B was selected as it was a hydrophobic solid which is hygroscopic. 
Solvents used. 2-propanol (IPA), Ethyl acetate (EtOAc) and Isooctane were used in 
the screening work. These were selected to provide a range of dielectric and water 
miscibility properties. The solvent properties of the three solvents are summarised in 
Table 2-1. All solvents were sourced from Sigma Aldrich. 
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Table 2-1. Summary of the solvent properties for the solvents used in the screening 
study. 
Solvent Solubility in 
water %w/w 
Solubility of 
water %w/w 
Dielectric 
constant 
Refractive 
index 
IPA 100 100 18.3 1.375 
EtOAc 7.7 3.3 6.02 1.370 
Isooctane 0.00022 0.011 1.94 1.389 
2.2.2 Experimental methods  
Sample preparation 
Preparation of the colloidal slurries was carried out by bead milling using a Fritsch 
Pulverisette 7 planetary motion mill. Samples of solids were prepared in the required 
volume of solvent and added to the Fritsch mill pots. 85mL pots were used with 0.65 
mm YTZ beads. The mill was run for 2 hours at 600 rpm. The suspensions were 
then allowed to cool before being recovered using a Pasteur pipette. In order to 
ensure it was possible to mill the material with a single bead size micronized input 
material was used. The recovered samples were then transferred into 20mL 
scintillation vials in preparation for the analysis. Light microscopy was used to 
confirm that the particles were in the colloidal range, and no large particles 
remained. 
Sample analysis 
The settling rate was measured in 2 different ways: 
1. The percentage of suspended material after 60 minutes. This was 
measured by allowing the sample to settle for 60 minutes, after that time a 
1mL sample from the top of the suspension was removed. The mass of 
the removed potion was taken, then evaporated to dryness and 
reweighed. The % of material still suspended was then calculated using 
equation 32. 
% 𝑠𝑢𝑠𝑝𝑒𝑛𝑑𝑒𝑑 =
𝑠𝑜𝑙𝑖𝑑 𝑐𝑜𝑛𝑐 𝑖𝑛 𝑟𝑒𝑚𝑜𝑣𝑒𝑑 𝑠𝑢𝑠𝑝𝑒𝑛𝑠𝑖𝑜𝑛
𝑠𝑜𝑙𝑖𝑑 𝑐𝑜𝑛𝑐 𝑖𝑛 ℎ𝑜𝑚𝑜𝑔𝑒𝑛𝑜𝑢𝑠 𝑠𝑢𝑠𝑝𝑒𝑛𝑠𝑖𝑜𝑛
× 100 32 
2. Sediment depth was measured after 1 hour and 24 hours. This was 
reported as a normalised sediment depth. In order to determine the value, 
a picture of each vial was taken after 1 hour and 24 hours of settling. The 
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height of the sediment and the total height of solvent and sediment were 
measured. The measured sediment depth was then divided by the total 
solvent depth to give a normalised value for sediment depth. This was 
carried out in order to remove any effect of zoom or focus on the 
measured sediment depth. It is this that is referred to as sediment depth. 
Resuspension 
The ease of resuspension of a suspension was assessed by loading the samples 
that had been allowed to settle into a Grant-bio Rotator PTR60. The number of 
inversions required to resuspend the whole sample was then measured. This value 
was used as the measure of resuspension. 
All the measures resulted in numerical values which could then be used in the 
analysis. Further visual observations were made to determine if the material 
flocculated or remained as discrete particles. 
2.2.3 Preliminary work  
An initial screening experiment was carried out using micronized material in order to 
assess potential methods of monitoring settling rate, sediment depth and 
resuspendability. The settling rate, sediment depth and resuspendability were 
measured to provide a numerical value which can be used in the output for the 
experiment.  
2.3 Experimental design and results 
Stat-ease® Design Expert 7® has been used to both design the experiments and 
evaluate the results from the experiment. Table 2-2 shows the experimental runs 
generated by DX7, the levels and the types of surfactant used. 
Analysis of variance (ANOVA) has been used to assess the significance of the 
different parameters on the colloidal behaviour. In all cases where a probability 
(prob > F) is less than 0.05, the factor is significant.  
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Table 2-2. List of DoE experiments and results from initial analytical testing. 
 
S
td
 
  
R
u
n
 
 
Factor 1 Factor 2 Factor 3 Factor 4 Factor 5 Factor 6 Factor 7 settling inversions to 
resuspend 
sediment depth 
  
A:Water B:Solids 
conc 
C:Temp D:Surfactant 
amount 
E:API F:Solvent G:Surfactant   Milled 1hr 24hr   
% % deg C %w/w API       % unsettled   ratio ratio change 
28 1 0.01 10 5 5 Lactose EtOAc Magnesium stearate 41.4 10 100.0 100.0 1.0 
34 2 0.0505 5.5 22.5 2.5 API A IPA Polysorbate 80 35.6 6 89.2 78.2 0.9 
25 3 0.1 1 5 0 API B EtOAc Polysorbate 80 0.0 2 26.3 23.5 0.9 
1 4 0.1 1 5 5 API A isooctane Magnesium stearate 0.0 1 22.7 21.4 0.9 
4 5 0.1 1 40 5 Lactose IPA AOT 59.3 1 100.0 78.5 0.8 
29 6 0.1 1 5 0 API A isooctane Polysorbate 80 0.0 1 28.2 27.9 1.0 
22 7 0.01 10 40 0 API A IPA AOT 44.1 6 91.3 68.0 0.7 
39 8 0.01 1 5 5 API A isooctane AOT 7.9 1 31.2 30.6 1.0 
31 9 0.1 10 5 0 Lactose isooctane AOT 10.9 3 51.4 51.5 1.0 
36 10 0.01 10 5 0 Lactose EtOAc AOT 46.5 2 100.0 100.0 1.0 
6 11 0.1 1 5 0 Lactose isooctane Magnesium stearate 0.0 2 2.5 2.3 0.9 
38 12 0.01 1 40 0 Lactose IPA Magnesium stearate 0.0 6 18.5 16.3 0.9 
17 13 0.01 1 40 5 API B IPA Polysorbate 80 8.9 5 14.0 10.2 0.7 
20 14 0.01 1 5 0 API B EtOAc AOT 0.0 3 25.0 19.1 0.8 
13 15 0.01 1 5 5 API A isooctane AOT 7.7 4 28.8 28.5 1.0 
24 16 0.01 1 5 0 API B isooctane Magnesium stearate 11.2 3 12.7 12.1 0.9 
5 17 0.1 10 5 5 Lactose IPA Polysorbate 80 51.0 too thick  100.0 100.0 1.0 
37 18 0.1 1 5 0 API B EtOAc Polysorbate 80 7.9 2 27.6 23.4 0.8 
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23 19 0.01 1 40 5 API A EtOAc Polysorbate 80 38.6 1 8.3 6.3 0.7 
11 20 0.1 1 40 0 Lactose EtOAc Magnesium stearate 19.3 1 25.5 23.8 0.9 
16 21 0.01 1 5 5 API A IPA Polysorbate 80 2.4 4 20.0 20.0 1.0 
30 22 0.01 1 5 5 Lactose isooctane Polysorbate 80 0.0 2 3.0 2.9 0.9 
9 23 0.1 10 5 5 API A EtOAc AOT 44.4 3 89.3 78.2 0.9 
33 24 0.01 10 5 0 API A IPA Polysorbate 80 47.3 5 96.0 92.1 0.9 
3 25 0.01 10 40 0 API A isooctane Polysorbate 80 37.0 3 67.7 63.3 0.9 
40 26 0.01 1 5 5 Lactose isooctane Polysorbate 80 100.0 1 6.9 5.1 0.7 
27 27 0.01 10 5 5 API B IPA Magnesium stearate 47.9 10 100.0 95.4 0.9 
2 28 0.01 10 40 5 API B EtOAc Magnesium stearate 45.1 7 93.7 87.5 0.9 
19 29 0.1 10 40 5 API B isooctane Polysorbate 80 2.5 25 82.5 77.0 0.9 
26 30 0.1 1 40 0 API B IPA Magnesium stearate 9.1 3 17.6 17.0 0.9 
18 31 0.01 1 5 0 API A EtOAc Magnesium stearate 2.8 2 14.8 10.4 0.6 
7 32 0.1 1 5 0 API B IPA AOT 8.2 4 20.4 19.0 0.9 
15 33 0.1 10 40 5 API B EtOAc AOT 49.0 8 92.1 85.1 0.9 
8 34 0.1 1 5 0 Lactose EtOAc AOT 17.3 1 20.8 18.6 0.8 
35 35 0.01 10 5 0 API B isooctane Magnesium stearate 44.6 6 88.8 80.6 0.9 
10 36 0.01 10 40 0 Lactose isooctane AOT 3.7 3 48.4 46.8 0.9 
21 37 0.01 10 40 0 Lactose EtOAc Polysorbate 80 45.8 4 77.7 56.0 0.7 
32 38 0.01 1 40 5 API B isooctane AOT 0.0 2 21.9 15.7 0.7 
12 39 0.1 10 40 0 API A IPA Magnesium stearate 43.9 6 86.9 68.2 0.7 
14 40 0.01 1 40 0 Lactose IPA Magnesium stearate 0.0 2 13.4 8.5 0.6 
64 
 
 
2.3.1 Flocculation results 
Table 2-3. Summary of visually observed flocculation. 
 Lactose API A API B 
Isooctane Flocculated (smaller with 
surfactant 
Did not 
flocculate 
Flocculated 
with water 
present 
Flocculated 
EtOAc Did not 
flocculate 
Flocculated Did not 
flocculate 
when water 
and 
surfactant 
present 
Flocculated 
with water 
present 
Flocculated Did not 
flocculate 
with 
surfactant 
present 
IPA Flocculated Did not 
flocculate 
Flocculated 
with 
polysorbate 
80 present 
Didn’t 
flocculate 
with water 
added 
Flocculated 
2.3.2 Amount suspended after 1hr (settling) 
Table 2-4 shows the analysis of variance (ANOVA) summary for the 1hr settling 
rate. The following factors have a significant impact on the settling: 
 Solids concentration. 
 Surfactant amount. 
 Solvent. 
 API. 
 Water: API. 
 Water: solvent. 
 Solvent: surfactant type. 
The change in settling rate could be due to a number of different phenomena as is 
illustrated in Figure 2-4: 
 Where samples are more concentrated and there is sufficient interaction 
between particles a matrix can form between the particles resulting in a 
reduction in settling rate. Reduction in the interactions will result in a greater 
settling due to the disruption of the matrix.  
 Where interactions between particles are less strong, or the sample less 
concentrated, the particles may form flocs and agglomerates. As a result of 
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their greater mass the agglomerates are no longer suspended by Brownian 
motion and therefore settle.  
 Where the interactions are weak the particles will remain as discrete entities 
and remain suspended due to Brownian motion. In this case the settled 
material will be densely packed. 
 
Figure 2-4. Diagram of settling that occurs as a result of different interactions between 
particles. 
  
Particles have 
limited 
interaction. 
Brownian 
motion 
dominates over 
gravity.  
 
 
 
 
 
 
 
 
 
Settling is slow 
and forms a 
compact 
ordered layer 
Particles 
flocculate 
resulting in 
gravity 
dominating. 
Settling is rapid 
and forms a lose 
disordered cake 
A matrix exists 
with multiple 
particles 
interacting, 
resisting the 
gravitational 
force 
Settling is slow 
and a result of 
compression of 
the structure. 
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Table 2-4. ANOVA for the 2FI model for settling after 1 hour. The model line evaluates 
the significance of the model as a whole, the following rows show the significance of 
the individual factors in the model. Lack of fit shows how well the model fits the data, 
for the model to be well predictive the lack of fit needs to be insignificant. Pure error 
is the sum of squared deviations of response data from their treatment mean. Cor 
total is the totals corrected for the mean value. df is the degrees of freedom. 
Source 
Sum of 
Squares df 
Mean 
Square 
F 
Value 
p-value 
Prob > F Significant 
Model 14439.8 17 849.4 9.94 < 0.0001  
    A-Water 30.55 1 30.55 0.36 0.5564  
    B-Solids conc 7739.32 1 7739.32 90.54 < 0.0001  
    D-Surfactant amount 725.9 1 725.9 8.49 0.0083  
    E-API 634.43 2 317.22 3.71 0.0417  
    F-Solvent type 2702.65 2 1351.33 15.81 < 0.0001  
    G-Surfactant type 46.45 2 23.22 0.27 0.7647  
    AE – Water:API 1066.05 2 533.02 6.24 0.0075  
    AF – Water:solvent  1187.23 2 593.61 6.94 0.0048  
    FG – water:surfactant  1583.94 4 395.98 4.63 0.0077  
Lack of Fit 1763.97 18 98 9.44 0.0445  
Pure Error 31.15 3 10.38 
   Cor Total 16234.92 38 
    Dealing with these in turn, effects graphs are available at appendix A: 
Solids concentration. The higher the solids concentration the less settling 
occurred. This is likely to be due to the increased interactions between the particles 
forming matrix and therefore preventing the settling of the particles. 
Surfactant amount. Where surfactant was present the amount suspended after 1 
hour was increased. The impact of the surfactant is complex and could be 
anticipated to either; 
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 Increase the amount of settling by a reduction in the interparticle forces in 
the higher concentration samples thus reducing the strength of the matrix 
formed therefore, allowing more settling to occur.  
 Or at lower concentrations where smaller flocs and agglomerates are formed 
causing settling. 
Solid. API B appears to settle to a greater degree than API A or lactose. As this was 
carried out at the same weight % rather than vol % in suspension it is possible this 
difference is at least in part due to slight differences in true density. 
Solvent. The effect of surfactant is complicated by its interaction with other factors 
such as with water content. However, in all cases the slurries were least suspended 
in isooctane. This is probably due to the very hydrophobic nature of isooctane which 
is repelling the more hydrophilic faces of the crystals whereas with IPA and EtOAc 
the molecules are better able to interact with all faces of the particle. With IPA and 
EtOAc the amount remaining suspended appears to depend on the solid present.  
Water: solid. The addition of water to Isooctane had a negative impact on the 
suspension of the solid for all solids. However, in the case of lactose the suspension 
appears to remain more suspended, with water added, than prior to the addition of 
water. This difference is quite pronounced. The lactose suspension was very thick 
suggesting that there is a matrix forming in the suspension and the strength of this 
increase due to the addition of water. When API B is considered in both EtOAc and 
IPA the amount remaining in suspension dropped. This drop was more significant 
for the EtOAc than IPA where only a small difference was observed. With API A in 
both cases the change was fairly low and in IPA there being a slight increase in the 
amount remaining suspended and in EtOAc a slight decrease. 
Water: solvent. Water always has a negative impact when added to isooctane. 
Addition of water to IPA has had either a positive effect or in the case of API B no 
effect on the amount remaining suspended. With EtOAc, the addition of water has 
the impact of reducing the settling of lactose in suspension and increasing the 
settling of API B. In the case of API A little change is observed.  
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Surfactant type: solvent. The combination of surfactant and solvent appears to 
have a significant impact on which surfactant would be most effective. In the case of 
Magnesium Stearate, not traditionally considered for use as a surfactant the effect 
appears to be pretty consistent across the board. AOT and Polysorbate 80 vary 
considerably more with AOT appearing to be having a greater effect in the case of 
IPA, increasing the amount of material suspended and Polysorbate 80 having the 
greater effect in the case of EtOAc. It is expected that the different types of solid will 
behave differently in the solvents as a result of the changes in surface properties 
and therefore, interaction with the surfactant and solvent. 
2.3.3 Resuspension.  
Table 2-5 shows the ANOVA summary for the resuspension, where the Prob > F is 
less than 0.05 the factor is significant. The following factors have a significant impact 
on the resuspension: 
 Solids load. 
 Surfactant amount. 
 API. 
 Solvent. 
 Surfactant Type. 
There are a number of potential factors that could be impacting the ability to 
resuspend the particles: 
 Where the suspension is stable and slow settling the cake formed is likely to 
be more densely packed owing to the time taken to form the cake. Therefore 
it will take a greater amount of effort to redisperse this cake.  
 If the suspension has formed a gel like matrix the viscosity is likely to be 
greater and therefore the redispersion of the material is likely to take longer.  
 Where flocs and agglomerates have formed rapidly and settled then the cake 
is likely to be less well ordered and therefore take least effort to resuspend. 
While the flocs may temporarily be disrupted in this process they will rapidly 
reform. 
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Figure 2-5. Diagram showing differences in resuspension behaviour. 
Table 2-5. ANOVA for the 2FI model for resuspension. The model line evaluates the 
significance of the model as a whole, the following rows show the significance of the 
individual factors in the model. Lack of fit shows how well the model fits the data, for 
the model to be well predicative the lack of fit needs to be insignificant. Pure error is 
the sum of squared deviations of response data from their treatment mean. Cor total 
is the totals corrected for the mean value. df is the degrees of freedom. 
Source Sum of 
Squares 
df Mean 
Square 
F 
Value 
p-value 
Prob > 
F 
Significant  
Model 162.77 8 20.35 9.75 < 0.0001  
    B-Solids conc 90.13 1 90.13 43.21 < 
0.0001 
 
    D-Surfactant amount 16.01 1 16.01 7.67 0.0097  
    E-API 16.68 2 8.34 4 0.0293  
    F-Solvent type 25.01 2 12.5 5.99 0.0066  
    G-Surfactant type 14.52 2 7.26 3.48 0.0442  
Lack of Fit 47.5 25 1.9 0.58 0.8208  
Pure Error 13 4 3.25    
Cor Total 223.26 37     
Dealing with these in turn, effects graphs are available at appendix A: 
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Solids concentration. Higher solid loading shows an increase in the amount of 
inversions required to resuspend the slurry. This could potentially be as a result of 
the increased viscosity of the systems at higher concentrations resulting in greater 
agitation being required to lift the settled material. 
Surfactant amount. With surfactant present the suspensions required a greater 
number of inversions to resuspend. Design points suggest that there is a non-linear 
response to the factor. This could be linked to a reduction in the settling rate of the 
suspension resulting in a better packed cake which is more difficult to resuspend.  
Solid. API B appears to be more difficult to resuspend than both API A and lactose. 
This could be due to a more dense cake forming in the case of API B than with the 
other substances or a greater attraction to the glass vial than the other compounds. 
Solvent. The API’s appear to be most difficult to resuspend in IPA and easiest to 
resuspend in isooctane, with EtOAc being slightly more difficult to resuspend in. This 
is supported by the settling rate results where isooctane suspended the least 
therefore forming the cake most rapidly and therefore being easiest to resuspend.  
Surfactant type. Slurries with Magnesium stearate present in them required the 
largest number of inversions to resuspend, AOT and Polysorbate 80 were similar in 
the number of inversions required in order to resuspend the sample. 
2.3.4 Sediment depth 1hr. 
Table 2-6 shows the ANOVA summary for the sediment depth at 1 hour. The 
following factors have a significant impact on the sediment depth: 
 Solids concentration 
 Temperature 
 Surfactant  
 Solvent 
 API: solvent 
Solids concentration level has a dramatic effect. However, when normalised for the 
particle concentration, the cake density appears to increase with the greater 
concentration of particles.  
As shown in Figure 2-4, the sediment depth and the settling rate are a function of 
the interactions between the particles and also of the amount of order there is in the 
packing of the particles. Therefore, it can be anticipated that if something is rapidly 
settling then the final sediment volume will be greater than if the particles have taken 
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longer to settle and therefore have better packing, assuming the material is not 
forming a gel matrix which is preventing it from settling.  
Table 2-6. ANOVA for the 2FI model for sediment depth at 1 hr. The model line 
evaluates the significance of the model as a whole, the following rows show the 
significance of the individual factors in the model. Lack of fit shows how well the 
model fits the data, for the model to be well predicative the lack of fit needs to be 
insignificant. Pure error is the sum of squared deviations of response data from their 
treatment mean. Cor total is the totals corrected for the mean value. df is the degrees 
of freedom. 
Source 
Sum of 
Squares df 
Mean 
Square 
F 
Value 
p-value 
Prob > F Significant 
Model 46721.51 11 4247.41 64.47 < 0.0001  
    B-Solids conc 34422.3 1 34422.3 522.5 < 0.0001  
    C-Temp 696.79 1 696.79 10.58 0.0031  
    D-Surfactant amount 470.65 1 470.65 7.14 0.0126  
    E-API 607.21 2 303.61 4.61 0.019  
    F-Solvent type 1710.23 2 855.11 12.98 0.0001  
    EF 2036.71 4 509.18 7.73 0.0003  
Lack of Fit 1754.54 23 76.28 12.58 0.0122  
Pure Error 24.26 4 6.07 
   Cor Total 48500.31 38 
    Dealing with these in turn, effects graphs are available at appendix A: 
Solids concentration. This has a major impact on the sediment depth. In Figure 
2-6a, any real impact is masked by the fact that there are more particles present. In 
Figure 2-6b, normalising for the concentration prior to analysis, the impact of the 
greater amount of particles is taken into account. As can be seen, taken the volume 
of particles into account the sediment depth decreases with increased 
concentration. This is potentially a result of the greater compression force exerted 
from the greater number of particles acting upon the lower particles in the samples 
where the concentration is great. 
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Figure 2-6. a. Model result for effect of the solids loading on sediment depth. The 
change here is due to the increased amount of solids causing an increased depth. b, 
Model result for effect of the solids loading on sediment depth. These results have 
been normalised against the solid load. 
Temperature. At lower temperatures, the sediment depth ratio is greater than at the 
higher temperatures. This could be due to a number of factors, at low temperature 
there is a slight increase in the viscosity of the suspending media this would impede 
the settling of the material. Secondly, at lower temperatures, the kinetics of 
flocculation and agglomeration are likely to be slower. Therefore, there will be an 
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increase in the time taken for the flocs and agglomerates to form meaning Brownian 
motion will dominate for a greater time.  
Surfactant. Where surfactant has been added, the sediment depth is slightly 
greater than where there is no surfactant. The design point suggests that there is a 
non-linear response to the concentration of surfactant that is added. The increased 
sediment depth with the addition of surfactant is likely to be due to an increased 
stability of the colloid leading to slower settling of the material. 
API: Solvent. With API A, the sediment depth ratio was the greatest in IPA and the 
least in EtOAc. There was significant overlap in the error bars of EtOAc and 
isooctane suggesting any variation is within experimental error. However, there was 
no overlap between the error of IPA and either of the other 2 solvents. With API B 
little difference was observed between all 3 solvents. With lactose the sediment 
depth was similar between IPA and EtOAc, however in isooctane the sediment 
depth was considerably lower. This is expected as the Van der Waals interaction 
between solvent and particle will vary depending on the properties of the particle. 
2.3.5 Sediment depth 24 hrs.  
The settling after 24 hours is a result of similar mechanisms to that observed at the 
1 hour point. However, after this time further compaction will have occurred for the 
flocculated samples, therefore further reducing the sediment depth. Looking at the 
ANOVA statistics (Table 2-7) the following factors are impacting on the settling rate 
of material: 
 Solids concentration. 
 Temperature. 
 Surfactant. 
 Solvent. 
 API: solvent. 
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Table 2-7. ANOVA for the 2FI model for sediment depth at 24 hours. The model line 
evaluates the significance of the model as a whole, the following rows show the 
significance of the individual factors in the model. Lack of fit shows how well the 
model fits the data, for the model to be well predicative the lack of fit needs to be 
insignificant. Pure error is the sum of squared deviations of response data from their 
treatment mean. Cor total is the totals corrected for the mean value. df is the degrees 
of freedom. 
Source 
Sum of 
Squares df 
Mean 
Square 
F 
Value 
p-value 
Prob > F significant 
Model 40454.39 11 3677.67 47.58 < 0.0001  
    B-Solids conc 30968 1 30968 400.6 < 0.0001  
    C-Temp 1426.23 1 1426.23 18.45 0.0002  
    D-Surfactant amount 712.21 1 712.21 9.21 0.0053  
    E-API 261.38 2 130.69 1.69 0.2033  
    F-Solvent type 1247.27 2 623.64 8.07 0.0018  
    EF 1981.16 4 495.29 6.41 0.0009  
Lack of Fit 2052.17 23 89.22 10.24 0.0178  
Pure Error 34.84 4 8.71 
   Cor Total 42541.4 38 
    Dealing with these in turn, effects graphs are available at appendix A: 
Solids concentration. As previously discussed in 2.3.4 this has an impact due to 
the increased number of particles present.  
Temperature. At lower temperatures the sediment depth ratio is greater than at the 
higher temperatures. This is the same trend as was seen at the 1 hour point 
discussed in 2.3.4. 
Surfactant. Where surfactant has been added the sediment depth is slightly greater 
than where there is no surfactant. This is the same trend as observed at the 1 hour 
time point discussed in 2.3.4. 
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API: Solvent. With API A, the sediment depth ratio was the greatest in IPA and the 
least in EtOAc. There was significant overlap in the error between IPA with 
isooctane and isooctane with EtOAc. The errors did not overlap for IPA with EtOAc. 
With API B, little difference was observed between all 3 solvents. The error in the 
results overlaps. With lactose the sediment depth was similar between IPA and 
EtOAc, however in isooctane the sediment depth was considerably lower. These 
trends were similar to those seen at the 1 hour time point. 
2.4 Discussion 
By using a combination of carefully selected parameters, the use of the DoE 
approach has enabled highlighting of the multifactor interactions between seven 
different factors with only 40 experiments. In order to achieve this with a univariate 
approach this would have required hundreds of experiments. This approach has 
enabled the prioritisation of factors for the remainder of the work in this thesis. 
Solids concentration, surfactant amount, solvent and API were selected by more 
than one of the models as having an impact on the suspension properties. 
Surfactant type and temperature were identified by one model along with Water: 
API, water: solvent, solvent: surfactant type and API: solvent interactions.  
From all of the results it appears that the factor which has the most significant 
impact on the results is the solids concentration. Many of the results are suggesting 
that the impact is not linear throughout the range considered. Some of the large 
differences in the measurements taken are due to there being a larger amount of 
particles present. After the numbers are normalised for concentration, the solids 
concentration appears to result in the sediment depth decreasing i.e. a more dense 
cake is formed when the solid loading is greater. The samples also took a larger 
number of inversions to resuspend. This could potentially be due to the greater 
viscosity of the systems, resulting in more energy being required to agitate the 
particles, or stronger interactions between the more tightly packed particles resulting 
in an increase in the energy required to move the particles. It is also possible that 
each inversion only redisperses a fixed number of particles, meaning that the more 
inversions are required to resuspend the more concentrated samples. 
The impact of water appears to be an interesting one. While water does not appear 
to have an impact on its own, when in combination with solvent and solid type it is 
observed to have an effect. Where the water has little interaction with the solid 
particle and the solvent has a high affinity for water (i.e. is highly miscible), the 
impact of water is likely to be low. Where the interaction between water and the API 
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is high, there is a greater impact of additional water on the properties of the 
suspension.  
Temperature has little impact on the material remaining suspended after an hour. 
There was a small impact on the sediment depth, with the cake being slightly 
smaller when a higher temperature was used. As temperature only has a small 
effect on the properties of the colloids and does not appear to have significant 
interactions with other factors it will be kept constant throughout the remaining work. 
Surfactant was either present or absent in this data set. Where the surfactant was 
present the amount of material remaining suspended after an hour was increased by 
approximately 10%. There was a slight increase in the sediment depth and a slight 
increase in the number of inversions required to resuspend the slurry.  
The solid had an impact on all of the factors measured, showing that there is likely 
to be significant variation between API’s. Solids are also involved in interactions with 
water and solvent.  
The solvent has an impact on all of the factors measured showing significant 
variation between solvents. Solvent is involved in a number of interactions water: 
solvent and API: solvent. There is a solvent surfactant interaction identified in the 
settling test, AOT appears to have a greater effect in IPA and polysorbate 80 in 
EtOAc. Magnesium stearate has a similar effect independent of the solvent used.  
These results have highlighted a number of areas of interest for further investigation 
as well as identifying a range of factors that are important in the behaviour of the 
colloidal system: 
 The most significant factor is the solids loading; however, in this work this will 
not be studied further as the cause of this interaction is more straightforward.  
 Temperature was found to be unimportant in the suspensions investigated 
here. 
 The nature and presence of surfactant had a significant effect. The effect 
was also played part in interactions with the solvent used. 
 As with the surfactant the solvent had significant effects on its own, and also 
as part of interactions with water, surfactant type and API. 
 Water alone was not shown to have an effect on the suspension, however 
there were interactions with the solvent properties and solid.  
The interaction effects between the sol being investigated, water and surfactant 
appear to show some potentially very interesting correlations and interactions. In the 
proceeding work these combinations will be investigated further. The factors will be 
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investigated to understand if there are any general rules which can be followed 
when making and handling the sols and also if the current theoretical models will 
provide a prediction of the trends observed in the systems. 
2.5 Summary 
This Chapter discussed how DoE has been used to screen a number of different 
factors and identify those which have had the most important and interesting effects. 
Interactions between API, solvent, water and surfactant were identified, these 
interactions have been selected for further investigation.  
If a closer look is taken at the factors selected for investigation, the factor where 
least control can be applied on a system is the presence of water. As water is 
present in the atmosphere and is routinely used in processing equipment in places 
such as mechanical seals the absolute elimination of water is not possible. There is 
the potential for significant variation in the level of water present in a system to vary. 
Therefore, it is necessary to understand if small changes will have an effect on a 
system. Therefore the presence of water in a suspension will be investigated first. 
The solids and some of the solvents used in the remainder of this study were 
changed. This was for a number of different reasons: 
 Calcium carbonate was replaced with titanium dioxide, this was a result of 
difficulties in cleaning the bead mill after processing the calcium carbonate. 
In order to utilise the larger scale milling equipment it was necessary to have 
an effective cleaning protocol. Titanium dioxide has similar wetting properties 
to calcium carbonate and therefore this was used in its place.  
 API A is a highly potent drug substance, therefore as other model 
compounds were available with similar physical properties these were used 
in preference.  
 API B has some unusual properties, in that it is hydrophobic, but relatively 
hygroscopic. While this in itself would provide an interesting basis for study, 
it was decided that using more typically behaving material would provide a 
simpler basis for building understanding. 
 Isooctane was replaced with decane, as it is less volatile and would therefore 
be easier to handle. As it has similar wetting and optical properties this was 
considered appropriate.  
The effect of changing the material was considered as acceptable, as the intent of 
the study was to understand general behaviour and establish trends. A separate 
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study would be required to understand the detailed effect of the different parameters 
on a single system. The material selection is discussed in more detail in Section 3.2 
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3 Materials and Methods 
3.1 Introduction 
In this Chapter, the materials and methods used in the remainder of this study are 
introduced. A brief rationale for the materials selected along with baseline physical 
properties data will be presented. All methods will be introduced with a brief 
explanation of the method development and the mechanism of operation.  
3.2 Materials 
3.2.1 Rationale for solvent selection 
2-propanol (common name: isopropanol) (IPA), Ethyl ethanoate (common name: 
ethyl acetate) (EtOAc) n-decane (decane) and 2,2,4-trimethyl pentane (common 
name: isooctane) have been used in this study. Decane was used in place of 
isooctane after the initial screening studies were completed; this replacement was 
carried out owing to similar properties of isooctane but lower volatility making it 
easier to work with than decane. The solvents were selected to cover a broad range 
of physical chemical properties, a summary of which is given in Table 3-1. IPA is a 
polar protic solvent which is fully miscible with water, EtOAc is an apolar protic 
solvent which is partially miscible with water, isooctane and decane are non-polar 
solvents and immiscible with water. The Gibbs free energy of mixing curves for the 
solvents and water were calculated in Aspen Properties (98) using UNIFAC 
parameters, the curves are shown in Figure 3-1. The solvents used were all 
purchased as anhydrous from Sigma Aldrich.  
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Table 3-1.  Properties of solvents used in this Study (Smallwood, 1996) 
Solvent Solubility in 
water 
%w/w 
Solubility of 
water 
%w/w 
Dielectric 
constant 
(20°C) 
Dipole 
moment 
D 
 
Refractive 
index (25°C) 
Solvent 
Polarity 
(relative 
to water) 
Density 
g/mL 
Boiling 
point °C 
Abs. Visc. 
mPAs(25°C) 
Log 
PO/W 
Surface 
tension 
mN/m 
(20°C) 
2-propanol 
(IPA) 
100 100 18.3 1.66 1.375 0.55 
 
0.786 82 1.96 +0.26 21.7 
Ethyl acetate 
(EtOAc) 
7.7 3.3 6.02 1.7 1.370 0.23 0.895 77 0.46 +0.73 24 
n-Decane 0.000002 0.0072 2.0 - 1.408 0.03 0.730 174 0.861 - 23.83 
Isooctane 0.00022 0.011 1.94 - 1.389 0.04 0.692 0.99 0.477 - 18.77 
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Figure 3-1. Gibbs free energy of mixing of the main solvents used in study with water. 
3.2.2 Solids used 
The solids used in this study were selected initially from those that were readily 
available and were compatible with the intended solvents to be used. Five API’s 
were selected for potential investigation, API A-E respectively.  
 API A is a very hydrophobic API and would have been from perspective of 
investigating a non-wetting compound. However, the API is very potent and 
working with this was undesirable as producing larger quantities of fine 
material would require considerable containment and risk assessment. For 
these reasons it was only used in the initial screening DoE. 
 API B is hydrophobic, but has the interesting property of being hygroscopic. 
This is an unusual property resulting from the nature of the macroscopic 
crystal structure. This was not selected for further work as its properties were 
unusual and therefore did not represent a good model compound. 
 API C is again hydrophobic, but ionises on dissolution, therefore any small 
level in solution has significant effects on the conductivity of the solution. 
Again this was not selected to take forward as while it would be interesting if 
further work was to be progressed, a simple system was desirable as the 
starting point.  
 API D is a hydrophobic compound with low toxicity. This was selected for 
investigation as it provided an extreme of low wettability. API D is known to 
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be on the low end of wettability when compared to other propriatory 
compounds. 
 API E was selected to provide a more wettable API and provide the other 
extreme of surface property 
After the initial screening work, two API’s, API D and API E, were selected for taking 
forward in the study. These provided extremes of surface properties without 
additional properties that would add complexity to the system.  
In addition to these API’s, α-lactose monohydrate (lactose), calcium carbonate and 
titanium dioxide have also been included in the this study. Lactose was selected as 
it is widely used in pharmaceutical formulations and provides an example of a highly 
wetting organic particle. Calcium carbonate and titanium dioxide were used to 
provide inorganic compounds for comparison to the organic molecules. Calcium 
carbonate was used in initial studies but replaced with titanium dioxide for the later 
studies where more material was required. The switch to titanium dioxide was 
required as calcium carbonate was not suitable for use on the larger scale bead mill 
as a result of challenges in cleaning the mill down to the required levels.   
In addition to providing a spectrum of physical properties, the solids were also 
selected for: 
1. Low solubility in IPA, EtOAc and decane/isooctane. 
2. No known solvates of these compounds in the solvent systems studied. 
3. Form stability. 
4. Ready availability. 
A detailed summary of the physical properties of the main solids used in the study is 
shown in Table 3-2. API’s were provided by GlaxoSmithKline, Calcium carbonate 
and titanium dioxide were purchased from Sigma Aldrich and lactose was 
purchased from DFE Pharma. The methods used for measurement of the physical 
properties can be found in the methods section that follows.  
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Table 3-2. Summary of physical properties of solids (*Fraunhofer approximation used) 
Solid Equilibrium solubility at 
20°C mg/g 
Contact 
angle of 
water (°) 
Vapour sorption 0 – 90% RH 
(mg/g of sample)  
Particle size (µm) SSA (m2/g) True 
density 
(g/cm3) 
 IPA EtOAc Decane   X-10 X-50 X-90   
API D 0.2 0.9 <0.1 138±2 0.5 0.19* 0.66* 6.66* 12.7* 1.35 
API E <0.1 0.1 <0.1 39±3 2.5 0.51* 0.99* 1.9* 6.88* 1.6 
Lactose <0.1 0.2 <0.1 31 ±3 2.9 0.10 0.51 2.98 14.6 1.55 
Titanium 
dioxide 
<0.1 <0.1 <0.1 30±2 0.5 0.25 0.58 1.14 12.2 3.9 
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3.2.3 Surfactants 
A range of surfactants were selected for screening for their use with the solids. The 
initial selection of surfactants was carried out with reference to the handbook of 
pharmaceutical excipients (99). The following factors were considered when 
selecting: 
 Give a range of anionic, cationic and non-ionic surfactants. 
 Ease of availability and cost. 
 Used in literature. 
 Applicability to the pharmaceutical industry. 
The following list was selected, the supplier is shown in brackets (structures are 
shown in Table 3-3: 
 Anionic surfactants;  
o Sodium lauryl (dodecyl) sulfate (Fluka), 
o Dioctyl sodium sulfosuccinate (AOT)(Sigma), 
o Lipoid S45, a mixture of; 58-65% linoleic acid, 12-17% palmitic acid, 
8-12% oleic acid (Sigma).  
o 12-HSA (Aldrich), 
  Cationic surfactants; 
o Benzalkonium chloride (Aldrich),  
o hexadecylpyridinium chloride (Sigma), 
 Non-ionic surfactants; 
o Polyethylene glycol dodecyl ether (Brij 35) (Aldrich), 
o tetradecanol  (Sigma-Aldrich), 
o Pluronic F127 (Sigma-Aldrich). 
Combinations of surfactants and solvents were only used where the surfactant was 
soluble in the solvent at the levels required for the experiments to be carried out.  
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Table 3-3. Chemical structures of surfactants screened. Surfactants were soluble in 
IPA and EtOAc unless stated otherwise and were soluble in decane where indicated.  
Surfactant Structure Relivant 
properties 
Sodium lauryl sulfate  
 
Not soluble 
in EtOAc 
12-HSA (12 
hydroxystearic acid) 
 
 
AOT 
 
Soluble in 
decane 
Lipoid S45 58 – 65% Linoileic acid 
 
12 – 17% Palmitic Acid  
 
8 – 12% Oleic acid 
 
Soluble in 
decane 
Benzalkonium chloride 
 
 
Hexadecylpyridinium 
chloride 
 
Not soluble 
in EtOAc 
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Brij 35 
 
 
tetradecanol 
 
Soluble in 
decane 
Pluronic F127 
 
Where 𝑎 and 𝑏 are approximately 100 and 55 
repeating units respectively. 
  
3.3 Experimental Methods and Method Development 
In this section the methods used are introduced with an overview of mode of 
operation, method development and type of instrument.  
3.3.1 Wet Bead Milling 
Milling of the solids to a range of particle size was required in this work. Bead milling 
works by impact and shear forces between beads and particles in suspension 
resulting in attrition of the particles. In order to have an effective and efficient milling 
process where a pure product with a monomodal particle size is achieved there are 
a number of parameters and conditions that should be adhered to (100-102): 
1. If the mill is made of a hard material then the beads should be made of a soft 
material or vice versa. In the case of the larger scale Cosmo 2 mill used in 
this work, Yttria stabilised Zirconia beads were used with a Nylon mill 
chamber. By using the combination of hard and soft material, wear on the 
mill is reduced and therefore contamination of the product is minimised.  
2. Beads should be mono-modal. This has 2 advantages; first the attrition of the 
beads is reduced, reducing product contamination and second the product 
will be of a tighter size distribution. 
3. The screen in the mill should be of sufficient size to allow the milled particles 
to pass through while retaining the beads without causing build up, which 
would cause the mill to block.  
4. If the material being milled is large then a multistage milling process will be 
more effective. First the larger sized material is milled to an intermediate size 
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by using large beads. The material is then milled for a second time using 
smaller beads to produce material of the required size.  
The bead size, and the milling energy, dictate the particle size achieved. As a rule of 
thumb, the particles will break down to 1000x smaller than that of the milling media  
(103). This means that if a 0.8 mm bead was used an X-50 of around 800 nm would 
be achievable.  
Two different wet bead milling techniques have been used in this study: 
 Initial small scale milling was carried out on a Fritsch Pulverisette 7. This is a 
planetary motion mill which can mill between 3 and 80 mL of suspension per 
run. 
 Larger scale milling was carried out on a Cosmo 2 wet bead mill. This is a 
vertical mill with material being pumped through the mill via a recirculation 
loop. 
Development work was carried out using lactose to determine milling times which 
were likely to work for the various compounds investigated. 
In the Fritch mill, suspensions were milled at a concentration of 10% w/v in the 
solvent to be analysed. The mill was run using 0.65 mm yttria stabilised zirconia 
(YTZ) beads of the maximum volume for the grinding jar being used. The solids 
were then added on top of the beads and the solvent added last. The mill was then 
run at 600 rpm for 2 hours. The suspension was recovered by using a Pasteur 
pipette to collect only the suspension out of the pots and transferred to glass vials.  
In the Cosmo 2 wet bead mill, suspensions were milled at a 10% w/v solid loading. 
The apparent slurry viscosity increases upon milling. Previous experience has 
shown a 10% slurry to be appropriate for the milling of the majority of solid: solvent 
combinations. The mill was used in a standard setup with a peristaltic pump 
delivering the suspension into the mill and circulating the suspension. The mill was 
run using 0.65mm YTZ beads with a rotation speed of 50 Hz. The milled samples 
were observed via light microscopy and when it appeared the desired size had been 
reached, measured using the Malvern Mastersizer to confirm this. The samples 
were isolated by allowing the suspensions to settle on a filter and the liquors slowly 
filtered off. The samples were then dried in a vacuum oven until required for 
experimentation.  
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3.3.2 Resuspension of milled materials 
For most of the experimentation in this study, the sols have been made by 
resuspension of dried particles in the solvent system of interest. The dried material 
was broken up in a mortar and pestle in order to break any large lumps. The 
required mass was then weighed out and made up to the required concentration 
with the solvent system being investigated. The suspension was then sonicated 
either in a bath, or using a probe, until the agglomerates were broken down and 
could no longer be observed via microscopy. Where a sonic probe setup was used a 
Sonic Systems, sonic processor P100 with a GA99893 probe were used. A power 
setting of approximately 15 Watts was used. Sonication was carried out at 30 
second bursts. 
 Where surfactants were used the samples were agitated overnight using a Grant-
bio Rotator PTR60 to allow for equilibration. 
3.3.3 Screening of surfactants 
Suspensions were then made up at 20 mgsolid/mLsolv with the surfactant at 5% 
wsurf/wsolid, the suspensions were dispersed as described in Section 3.3.2. The 
resultant suspensions were inspected via light microscopy (see 3.3.4) and the 
settling rate measured (see 3.3.11). An example of the difference of the different 
surfactants can be seen in Figure 3-2. 
3.3.4 Microscopy 
Light microscopy was carried out using an Olympus BX51 microscope with a Q 
imaging QIclick camera. Light microscopy was used to confirm dispersion of 
materials and as a screening tool to visually assess how the particles were 
interacting in the solvent solutions. For example the two samples shown in Figure 
3-2 show the same solid treated and presented in the same way on the microscope 
containing a different surfactant. It can be seen that the left hand sample is far less 
dispersed than the right hand sample. Qualitative microscopy data has been used to 
inform the decision on which surfactants are effective during the screening process.  
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Figure 3-2. Microscopy showing difference in dispersion of titanium dioxide in IPA 
with SLS (left) and AOT (right) as surfactant. 
3.3.5 Particle sizing 
The Malvern Mastersizer 2000 was used for the measurement of the size of the 
colloidal particles. This is a laser light scattering technique, a detailed description of 
this can be found in Particle size measurement (104). Mie theory (see below for 
details) was used and samples run in duplicate. Where parameters were not 
available for a compound, the Fraunhofer approximation (see below for details) was 
used and the particle size was confirmed using microscopy.  
Laser diffraction works by measurement of the scattering pattern resulting from a 
laser beam hitting a particle. With large particles this scattering is of a low (narrow) 
angle with the light mainly hitting forward scattering detectors. With smaller particles 
the light is scattered at a higher (wider) angle and backscattering occurs therefore 
backscattering detectors are required for measurement as well as the forward 
detectors.  
Mie theory is based upon Maxwell’s electromagnetic field equations and predicts the 
scattering pattern caused by the particles in a system irrespective of their opacity. 
The theory involves a number of assumptions (105): 
 Particles are spheres. 
 The light scattering occurs due to a single particle before meeting the 
detector. Therefore the system must be sufficiently dilute for this to be the 
case. 
 The refractive index is known for the particles and the suspending system.  
 The absorption by the particles of incident beam is known. 
The Fraunhofer approximation is a simplified version of Mie theory. It allows the 
scattering to be interpreted without the use of optical properties or wide angle light 
scattering. This reduces the computing power required for the size measurement, 
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but at the low particle size end (<2 µm) this approximation becomes significantly 
inaccurate. The approximation makes the following assumptions (105): 
 Particles are spheres. 
 The light scattering occurs due to a single particle before meeting the 
detector. Therefore the system must be sufficiently dilute for this to be the 
case. 
 The particles are opaque. 
 Only small angle light scattering occurs.  
While the mathematics behind both assume that the particles are spherical, in reality 
this is rarely the case. The resultant number is therefore for a “volume equivalent 
sphere”. Where there are deviations from spheres, the algorithm assumes that the 
diffraction pattern relates to a sphere and calculates the radius of the sphere that 
would result in that diffraction pattern. As the particles have been milled to a small 
size the deviation from spheres is less than is found in the unmilled starting material 
where the crystal habit is much more apparent.  
It is possible to use the particle size distribution to calculate the approximate specific 
surface area for particles. It is this specific surface area that has been used in the 
calculations. This calculation assumes that the particles are spheres and calculates 
the specific surface area (SSA) for the particles it has measured in the distribution. 
Where possible a standard method of preparation of the colloids for particle sizing 
was used. 2 mL of 0.5% lipoid S45 in isooctane was added to the dispersion and the 
suspension was sonicated for 1 minute with 40% amplitude. Ten drops of this 
solution was then added to a circulating solution of 0.05% lipoid S45 in Isooctane. 
The method was considered suitable if microscopy of the dispersed sample showed 
primary particles to be present and the particle count, size and distribution remained 
constant over a series of three measurements. In some cases, slight alterations to 
the method were required in order to achieve acceptable measurements. Lipoid S45 
was not used as a surfactant in the main study as other surfactants were found to be 
more effective. Each sample was run in duplicate and alongside microscopy to 
confirm results were in line with what was visually observed. In a number of samples 
a peak appeared at 100 µm. After confirmation that no particles of this size were 
present in the sample, this peak was attributed to thermal effects resulting from the 
mixing of added phase at a warmer temperature than the continuous phase in the 
instrument. An example measurement for titanium dioxide is shown in Figure 3-3. 
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Figure 3-3. Example particle size measurement for titanium dioxide. Values of specific 
surface area, d(0.1), d(0.5), d(90) from this method have been used in this study. 
3.3.6 Solubility measurement 
Solubility was measured gravimetrically to an accuracy of two decimal places. A 
slurry of milled solid was agitated overnight at 20°C. The solution was then filtered 
and the mass of solution measured. The samples were then evaporated under 
vacuum and the residual solid weighed. Measurements were carried out at 
increased levels of water to confirm that additional water had a negligible effect on 
the solubility of the solid. The accuracy of these measurements is ±0.05mg/mL 
3.3.7 Differential scanning calorimetry (DSC) 
In order to confirm that polymorphic form or solvate change was not occurring during 
measurements the powders used for the solubility measurement were isolated and 
analysed by DSC using a TA systems DSC Q100. Comparison with the material 
prior to exposure to the solvent was carried out in order to confirm that thermal 
events occurred at the same temperatures, indicating the same polymorphic form 
and solvate or hydrate was present. Solvates are crystalline solid adducts containing 
either stoichiometric or non-stoichiometric amounts of a solvent incorporated within 
the crystal structure (106). A 10°C/min temperature increase from 30°C to 350°C 
was used for all samples.  
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3.3.8 Wettability and surface analysis 
Contact angle was measured using a Kruss Drop shape analyser DSA100s. The 
samples were prepared by suspending the colloidal particles in IPA. The slurry was 
then dropped onto a microscope slide to provide an even covering of powder. The 
slide was then allowed to dry. The sessile drop method was then used to determine 
the  contact angle with a powder bed. The contact angle was measured immediately 
(typically 2-5 seconds) after addition onto the slide. Figure 3-4 shows an example of 
the contact angle measurement. 
 
Figure 3-4. Image from DSA100s contact angle measurement. 
3.3.9 Gravimetric vapour sorption  
Vapour sorption was measured via gravimetric vapour sorption using a TA systems 
GVS Q5000. Vapour sorption was measured between 0 and 90%RH at 10% 
intervals at 25°C. The system was set to automatically take a measurement after a 
plateau was achieved. An example profile is shown in Figure 3-5.  
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Figure 3-5. Example of GVS measurement of calcium carbonate. 
3.3.10 Electrophoretic mobility 
The Malvern Zetasizer using a universal dip cell was used to measure the 
electrophoretic mobility of the suspensions. Prior to use, the solvents were filtered 
through a 0.25 µm filter to remove gross particulate contamination. Samples were 
then prepared at 0.1 mg/mL above solubility and suspended by sonication. Within 
each dataset the time of measurement was kept constant as it was found that the 
time after preparation affected the measured mobility. 
In the work, instead of quoting the zeta potential, electrophoretic mobility was used 
where possible. This value is more representative of the true value of the material as 
the zeta potential requires assumptions to be made, such as the use of the Huckel 
approximation in the equation. It is questionable if this or the Smoluchowski 
approximation is more appropriate, the value relates to the properties of the 
suspending media and therefore is solvent dependent.  
In order to measure the electrophoretic mobility of a particle we need to be able to 
measure the distance moved in a specific time. Conventional measurement 
achieves this by splitting a beam from a light source into a sample and reference 
beam, after the sample beam has passed through the sample the two light beams 
are merged again, this results in a pulsing of the light. By measurement of the 
frequency of the pulsing it is possible to then calculate the movement of the 
particles. This is possible if the particles are in a relatively conductive media such as 
water however, in this study the liquids being dealt with are low conductivity and the 
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particles being investigated are not intrinsically charged therefore the motion of any 
particle will be slow. This method of measurement of the mobility is limited in its 
sensitivity by the requirement that the movement of the particle due to the electric 
field to be greater than the reciprocal of the scattering. In order to achieve better 
measurements the Malvern Zetasizer uses a PALS system. 
PALS was developed in the 1990’s and by using phase modulation to match the 
Doppler frequency of a zero mobility particle with the modulation frequency. 
Therefore, if the mobility is zero the difference between reference and the sample 
wave will remain constant. By measurement of the change in the difference between 
the two waves it is possible to calculate the mobility. This method allows analysis 
over multiple oscillations rather than a single wave as with the conventional method. 
Measurements of mobility were subject to significant variation as a result of the low 
mobility of the samples. The measured distribution of the zeta potential was large as 
is shown by the large standard deviation of the measurement and illustrated by the 
distribution shown in Figure 3-6. This wide distribution is not taken into account in 
the standard deviation of the results, which is the standard deviation between a 
number of measurements rather than of the measurement of the sample itself. 
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Figure 3-6. Example of zeta potential distributions with a standard deviation of 9.06 
mV and 18.6 mV respectively. Measurements are of API E in EtOAc the presence of 
AOT and API D in EtOAc respectively. 
Time after sample preparation has been observed as affecting the measured zeta 
potential (40), as discussed in 1.4.2. In order to remove this as far as possible from 
result sets, each set of results were carried out at the same time. This does not hold 
across different sets of results, there is between a 6 and 24 hour variation in the 
measurement points. Therefore comparison of results across datasets should not be 
undertaken. 
3.3.11 Settling. 
Settling rate is indicative of the colloidal stability of the sample. There are a number 
of different causes that can result in a sample settling or remaining suspended, for 
example a sample may remain suspended: 
 If there is little interaction between the particles, sedimentation will be slow. 
In this case if enough time is allowed, a very tightly packed sediment will be 
formed. This system will be difficult to resuspend, once sedimentation has 
occurred. 
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 If there is a significant interaction between particles, a flocculated network 
may exist, then this will also result in little sedimentation, as observed where 
there is little interaction. Over time some compression of the network may 
occur, resulting in a large loosely packed sediment layer. 
Rapid settling will be observed where there is flocculation, in this case a thick 
sediment layer will be formed. This will be easy to resuspend. 
A number of different methods have been utilised in order to quantify settling rates. 
1. Turbiscan. 
The Turbiscan Classic works by measuring the backscattered (at 135°) and the 
transmitted light throughout the height of a sample. The sample is added to a flat 
bottomed tube, a scan is then made through the height of the tube (Figure 3-7). The 
profiles can then be compared and monitored over time to assess the change in the 
suspension. Samples were measured into the sample tube using a Gilson pipette in 
order to allow an easy comparison of the settling data across the depth of the 
sample.  
 
Figure 3-7. Diagrammatic representation of the operation of the Turbiscan Classic. 
(107) 
A 2% w/v suspension of the system being investigated was made up. 6.5 mL was 
then added to the Turbiscan sample tube. The instrument was then set to make 1 
measurement a minute for the desired measurement duration. The data collected by 
the instrument was then assessed for differences both visually and numerically. For 
both the transmission and the backscattering measurements the initial measurement 
was subtracted from the remainder in order to show changes clearly. Numerical 
comparison of the datasets was carried out by calculating the sum of the route mean 
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square of the difference between the values of the reference sample and the time 
point of interest. This allowed a quantification of the change in the sample over time.  
2. Normalised sediment depth 
Photography of samples at different time points was also used to monitor settling. 
The samples were prepared at the required concentration this was set at 2% w/v 
unless otherwise stated in glass vials (either 20 mL scintillation vials or 4 mL glass 
sample vials). The samples were then agitated to disperse them; they were then 
allowed to settle for a fixed amount of time prior to photographs being taken of the 
vials. The height of the sediment depth was then measured and the ratio of the 
sediment depth and total depth calculated. By calculating as a ratio, it was possible 
to allow for differences in point of focus and size of pictures obtained. The higher the 
number obtained the less settling had occurred. This number is a direct surrogate 
for the sediment depth. 
3.3.12 Rheology 
Rheology is the study of how materials deform and flow (108), this is generally 
studied as a reaction to an applied force. There are 2 planes in which rheology can 
be measured: the normal, at right angles to flow, known as elongational rheology 
and the force parallel to the flow known as shear rheology. The latter is the mode 
that is considered here.  
Rheologically there are many different types of liquids and suspensions. The most 
simple of these are Newtonian liquids. In a Newtonian liquid, (109) there is a linear 
relationship between shear stress 𝜎 and shear rate ?̇?, where 𝜂 is the viscosity.  
𝜂 =
𝜎
?̇?
 33 
The systems we consider here are non-Newtonian, meaning that the above 
relationship does not hold. In these cases the viscosity is known as the apparent or 
non-Newtonian viscosity. The lack of linearity can therefore be studied to provide 
significant information about the structure of the suspension being studied.  
There are a number of different ways in which it is possible to probe a material to 
establish its reaction to an applied force. In this work, oscillatory measurements 
have been used to probe the viscoelastic properties of the structures. 
Two different rheometers were used in this work: an Anton Paar MCR 301 fitted with 
a 50 mm stainless steel parallel plate and the Malvern Kinexus Pro+ with a 40 mm 
stainless steel parallel plate, both were setup with a 0.5 mm gap at 15˚C. A solvent 
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trap was fitted, filled with process solvent and sealed using vacuum grease. Two 
separate tests were run on the rheometer. After initial development work, single 
replicates were carried out for the majority of the samples. Samples were selected 
at random and run in duplicate to ensure that reproducibility of the results was being 
maintained. Samples were loaded using a positive displacement pipette to add 1 mL 
to the base plate, the top plate was then lowered onto the sample and the 
circumference checked to confirm the gap was fully filled prior to each 
measurement. 
The measured response can be considered as a sine wave when visually 
represented. The material can move in phase or out of phase with the applied 
oscillating force. The degree of this phase deviation is measured by this technique. 
An in phase or real response shows purely elastic behaviour; this is known as the 
storage modulus or G’. Materials that are 90° out of phase (or imaginary phase) with 
the applied force are exhibiting purely viscous behaviour; this is known as the loss 
modulus or G”. Most materials will have a response that is between the two 
extremes, this is viscoelastic behaviour (see Figure 3-8). The complex modulus is a 
sum of the real and imaginary components, G’ and iG”, as shown in equation 34 . 
The angle between the phases G’ and G” is known as the phase angle, as shown in 
equation 35 and provides information about how the two phases interrelate. 
𝐺∗ = 𝐺′ + 𝑖𝐺" 34 
tan 𝛿 =
𝐺′
𝐺"
 35 
 
Figure 3-8. Phase angles in oscillatory rheology. 
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Oscillatory measurements can be used to probe various facets of a suspension’s 
behaviour. Use of an amplitude sweep at a single frequency can yield information 
about the strength of the structure:  
 critical stress – the stress require to break down the structure, 
 critical strain – the strain at which the structure breaks down, 
 phase angle. 
Once this measurement has been carried out a frequency sweep can be used. This 
is carried out at an amplitude within the linear viscoelastic region (LVR) of the 
amplitude sweep. The LVR is a region of oscillatory amplitude in which a sample 
can be probed without the structure being destroyed. By probing the frequency in 
this area it is possible to gain information about how the frequency affects the 
structure of the colloid. This is able to give information on the type of structure that is 
present, whether the suspension is a gel or a liquid. Further information about 
suspension rheology and its measurement can be found in the publication by Mewis, 
Colloidal Suspension Rheology (110).  
3.3.12.1 Method development 
In order to develop a rheological amplitude sweep method the same sample was 
analysed using different setups, loading methods, relaxation times and application of 
pre-shear. A 50 mm stainless steel parallel plate geometry was selected as the large 
diameter would afford the greatest sensitivity to the lower viscosity systems. In order 
to limit solvent evaporation the rheometer was set up with a solvent trap. The 
solvent under investigation was used in the wells in order to create a saturated 
atmosphere as shown in Figure 3-9. A temperature of 15°C was selected as a 
balance between avoiding any water condensation on the plates, which was 
observed when a temperature of 10°C was used and limiting possible evaporation of 
the samples. This was a particular concern with ethyl acetate. It was found that, 
under these conditions, the same sample in ethyl acetate did not show significant 
change over an hour. 
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Figure 3-9. Picture of solvent trap used on Kinexus rheometer. 
Initially, a simple method of loading the sample onto the base plate using a pipette 
and lowering the geometry onto the top of the sample was used. The sample was 
allowed to rest for a minute then a measurement was taken. Figure 3-10 shows the 
storage and loss moduli for 2 replicates of the same sample. This shows that the 
loading of the samples is critical and that a reproducible method for the application 
of the samples is required. Figure 3-11 shows the normal force for the same 2 
samples. As can be seen, the red sample has a significant change in normal force 
which could account for some of the variation seen between the replicates. While it 
would likely be possible to achieve a more reproducible dispersion by longer 
sonication, this was not done as the temperature rise resulted in greater variability 
as a result of solvent evaporation. 
Solvent wells 
Solvent trap 
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Figure 3-10. Storage and loss modulus associated with the same lactose in IPA 
sample loaded twice onto the rheometer with a 1 minute relaxation time.  
 
Figure 3-11. Normal force as a function of shear stress for 2 separate loadings of the 
same lactose in IPA sample. 
A pre-shear step was then applied in order to control the normal force and 
standardise any differences in the loading step.  The samples were then allowed to 
recover for one minute prior to the measurement being taken. As can be seen in 
Figure 3-12 the two runs overlay. This method was then further investigated to 
understand the impact of rest time between the pre-shear step and the 
measurement. Figure 3-13 shows the impact of increased time on the storage and 
loss moduli. It shows that the time allowed for the sample to relax will have an 
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impact on the measurement made. Therefore, in order to standardise any effect that 
change in hold time has a standard hold time of 10 minutes was applied. At this 
point significant change had stopped occurring.   
 
Figure 3-12. Storage and loss modulus of 2 separate sample loadings of lactose in IPA 
with the application of a pre-shear step. 
 
Figure 3-13. Impact of hold time on the storage and loss moduli of lactose in IPA. 
After the method development was complete the following protocol was used for the 
measurements. 
1. The sample loaded was onto base plate using a pipette. 
2. The gap was set to 0.5mm. 
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3. A 10 second pre-shear step at 100% strain was used to standardise any 
loading variation. 
4. A 10 minute rest was then applied in order to allow the structure to recover. 
5. An amplitude sweep was then used between 0.01 and 100% strain. 
6. A 10 minute recovery time period was then applied. 
7. A frequency sweep from 0.1 to 50 Hz was then measured at 0.01% strain. 
Sample preparation was found to have a significant effect on the measurement. 
Even when the suspension appeared to have been dispersed in the same way, the 
sample to sample variation was significant in comparison to measurements of two 
separate loadings, of the same sample. For this reason where a series of 
measurements were made with increasing water or surfactant concentration, the 
initial dispersion was carried out and then separated into aliquots. The process 
variations were then made on these aliquots. In this way differences resulting from 
the sample preparation were minimised.  
3.3.12.2 Analysis of results 
Analysis of the results was carried out in a number of different ways. Figure 3-14 
shows an example of raw data. Marked on the graph is the point of inflection, which 
has been used in this work to define the limit of the linear viscoelastic region (LVR).  
 The critical stress was defined as the point at which an inflection in the 
complex modulus was observed.  
 The crossover point of the storage and loss moduli was used to help 
describe the behaviour of the systems present. 
 An average complex modulus in the linear LVR was calculated. This was 
value is the mean value of the measurements taken in the LVR, up to the 
point of inflection. 
The critical stress and crossover point have been used in order to understand what 
is happening in terms of the strength of the structure, by marking the point at which: 
 In the case of critical stress the structure of the colloid starts to significantly 
break down. 
 And for the cross over, where the storage modulus exceeds the loss 
modulus. 
The average complex modulus in the LVR has been used to assess the stiffness of 
the structure present in the colloid. 
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Figure 3-14. Oscillatory amplitude sweep of lactose in decane with the surfactant AOT. 
The graph has been labelled to show the linear viscoelastic region (LVR). The LVR has 
been defined as range of shear stress up to the critical stress. The crossover point of 
the storage (G’) and loss modulus (G”) is also shown. 
3.3.13 Karl Fischer (KF) 
The water content was determined using the Karl Fischer method, KF. Where solids 
were investigated, a Metrohm 700 series oven KF was used, an accurately 
measured mass of approximately 100 mg of sample was added to a sealed vial, the 
oven was then used to heat the sample to a temperature of 120°C for the analysis. 
Where liquids were analysed a Mitsubishi CA-100 volumetric KF was used, 
depending on the expected water content of the sample, a mass of between 0.1 and 
1g of solution was added to the KF solvent and stirred for 1 minute prior to the 
titration being carried out. The end point for the titration was determined by the 
conductivity of the solution. A detailed description of these techniques can be found 
in (111). 
3.4 Theoretical stability calculations 
In previous Chapters, a number of equations were presented. In this section the 
equations which were evaluated during the project are presented and the values 
used within the equations has been summarised. The limitation and assumptions 
made in applying these models are described in Chapter 1. The results of these 
calculations will then be presented and discussed with the experimental results 
presented in subsequent chapters. 
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3.4.1 Interparticle distance 
The calculations require an interparticle distance in order to calculate interactions. In 
order to evaluate and compare the values in a simple form two different interparticle 
distances have been quoted in the tables below. These values equate to the 
average interparticle separation in the samples used for rheology and settling tests. 
These have been calculated from the volume fraction and true density of the solids 
evaluated. This assumes the particles are perfect spheres, monomodal and 
homogenously distrubuted in the suspension. An example calculation can be found 
in appendix C The values used are shown in Table 3-4.  
Table 3-4. Calculated average interparticle distance for the concentrations used in the 
study for settling and rheolgical testing. 
 
Interparticle distance (µm) 
settling 
Rheology in: 
decane EtOAc IPA 
Titanium dioxide 2.8 1.3 0.9 0.8 
lactose monohydrate 1.6 1.1 1.1 1.1 
API D 2.0 0.9 0.6 0.7 
API E 3.3 1.5 1.0 1.0 
3.4.2 Hamaker constant  
In order to calculate the Hamaker constant, equation 7 (page 25) has been 
evaluated for the different systems used in the work. The equation is replicated 
below. Further explanation of the equation can be found in 1.3.1.  
𝐴 =
3𝑘𝑇
4
(
𝜀1 − 𝜀2
𝜀1 + 𝜀2
)
2
+
3ℎ𝑣𝑒
32𝜋√2
(𝑛1
2 − 𝑛2
2)2
(𝑛1
2 + 𝑛2
2)
3
2⁄
  
Where the measured dielectric constant (ε) was not available, equation 36 was used 
to estimate the value from the refractive index (𝑛). This is derived from Maxwell’s 
equation and is appropriate only for non-metallic materials, such as the organic 
pharmaceutical materials investigated here.  
𝜀 = 𝑛2 36 
The results of the evaluation of the equation for pure solvent are shown in Table 3-5. 
The change in dielectric constant and refractive index resulting from the addition of 
surfactant, water or low levels of dissolved material have not been taken into 
account in the calculations. 
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Table 3-5. Hamaker constants calculated from equation 7 (page 25) for materials 
investigated in EtOAc, IPA and decane. 
 
Hamaker constant (kT) 
 
Lactose Titanium dioxide API D API E 
Decane 0.47 6.97 0.17 0.21 
EtOAc 3.34 6.02 1.07 1.00 
IPA 5.77 3.83 4.12 4.05 
In addition to the calculations above, equation 8 (112) reproduced below was used 
to calculate the Hamaker constants, for titanium dioxide and lactose. The following 
values from literature for a Hamaker constant in a vacuum were used in the 
calculation: 
 Lactose, 7.2 × 10−20J (113). 
 Titanium dioxide, 15.3 × 10−20J (114) 
 Decane, 5.0 × 10−20J (115) 
 EtOAc, 4.17 × 10−20J (116) 
 IPA, 4.2 × 10−20 (no literature value was available therefore assumed to be 
similar to ethanol (117) 
𝐴∗ = (𝐴1
0.5 − 𝐴2
0.5)
2
  
Table 3-6. Hamaker constants calculated from equation 8 
 
Hamaker constant (kT) 
Lactose Titanium dioxide 
Decane 0.30 6.04 
EtOAc 1.00 8.49 
IPA 0.97 8.42 
The Hamaker constants calculated by the different equations are similar for decane 
and EtOAc, the differences are larger in the case of IPA. In the case of IPA there are 
greater uncertainties, these result from the estimation of the Hamaker constant as 
the same as that found for ethanol. Figure 3-15 shows the effect on the DLVO 
calculation of using the Hamaker constant from equation 7 or 8 (see pages 25 and 
26). As can be seen, while there is a small increase in the magnitude of the 
interaction, the shape of the curve remains unchanged.  It was decided, as there are 
relatively small differences between the results of equations 7 and 8 the Hamaker 
constants used for the calculations in the remainder of the work will be based on the 
values calculated from equation 8. The Hamaker constants in a vacuum are not 
available for the API’s used. As lactose has a similar refractive index to both of the 
API’s and the Hamaker constant is strongly dependent on the optical properties of 
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the solid, the value obtained for lactose will be used as an estimate of the likely 
constants for the API’s. 
 
Figure 3-15. Effect of using Hamaker constant calculated by equation 7 or 8 in the 
DLVO calculation. Example data is for lactose in IPA. 
3.4.3 Van der Waals interactions 
The Van der Waals interactions have been calculated for each of the different 
concentrations used for the different tests using equations 4 and 5 reproduced 
below for convenience, see 1.3.1 for full discussion of equations. 
𝑽𝒗𝒅𝒘 = −
𝑨 
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𝑽𝒗𝒅𝒘 =
𝑨𝒓
𝟏𝟐𝒅𝒊
                                                           (5) 
The results for the evaluation of these equations are shown in Table 3-7, Table 3-8, 
Table 3-9 and Table 3-10. These show evaluations at the interparticle distances 
shown in Table 3-4 and using the calculated Hamaker constants in Table 3-5. 
Table 3-7. Calculated Van der Waals interaction energy (kT) of titanium dioxide. 
 
Interparticle distance 2.8µm  
(eq. to settling rate samples) 
Interparticle distance 
1.3µm 0.9µm 0.8µm 
(eq. to rheology samples) 
decane EtOAc IPA decane EtOAc IPA 
Equation 4 -0.061 -0.085 -0.112 -0.208 -0.496 -0.742 
Equation 5 -0.052 -0.074 -0.096 -0.115 -0.236 -0.343 
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Table 3-8. Calculated Van der Waals interaction (kT) of lactose. 
 
Interparticle distance 1.6µm 
(eq. to settling rate samples) 
Interparticle distance 1.6µm 
(eq. to rheology samples) 
decane EtOAc IPA decane EtOAc IPA 
Equation 4 -0.006 -0.019 -0.520 -0.011 -0.036 -0.982 
Equation 5 -0.004 -0.013 -0.352 -0.006 -0.019 -0.536 
Table 3-9. Calculated Van der Waals interaction (kT) of API D. 
 
Interparticle distance 2.0µm  
(eq. to settling rate samples) 
Interparticle distance 
0.9µm 0.6µm 0.7µm 
(eq. to rheology samples) 
decane EtOAc IPA decane EtOAc IPA 
Equation 4 -0.006 -0.021 -0.571 -0.019 -0.110 -2.427 
Equation 5 -0.004 -0.014 -0.374 -0.009 -0.047 -1.063 
Table 3-10. Calculated Van der Waals interaction (kT) of API E. 
 
Interparticle distance 3.3µm  
(eq. to settling rate samples) 
Interparticle distance 
1.5µm 1.0µm 1.0µm 
(eq. to rheology samples) 
decane EtOAc IPA decane EtOAc IPA 
Equation 4 -0.005 -0.018 -0.508 -0.017 -0.096 -2.660 
Equation 5 -0.004 -0.013 -0.347 -0.008 -0.042 -1.148 
There is a difference between the values found for each of the calculations used in 
this case. The effect of the interparticle distance appears to have a greater effect at 
larger interparticle distances. Figure 3-16 shows the effect of interparticle distance 
on the calculated Van der Waals interaction for lactose in EtOAc when the different 
equations are used. It shows that there is a point at which the predictions cross at 
lower interparticle distances equation 5 will predict a lower value than equation 4, 
and at longer ranges this is reversed. There are more assumptions made in 
equation 5 (see Section 1.3.1) meaning the predicted interaction is less accurate as 
the interparticle distance is increased. However, the practical difference between the 
two equations is likely to be negligible. In this work equation 4 was used as it has 
greater applicability at longer ranges. 
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Figure 3-16. Van der Waals interaction calculated for lactose in EtOAc using equation 
4 or 5. 
3.4.4 Electrostatic repulsion 
The electrostatic repulsion between the particles was calculated using equation 11 
(reproduced below for convenience); a detailed discussion can be found 1.4.1. The 
values for zeta potential have been calculated from the electrophoretic mobility, and  
can be found in Appendix D. These are not quoted directly as they numbers have 
considerable associated errors as discussed in 1.4.2. 
𝑉𝑒𝑙𝑒𝑐𝑡 = 2𝜋𝜀𝜀0𝑟
2 ln[1 + exp (−𝜅𝑑𝑖)] (11) 
The Debye length used for the calculation will be taken from literature values where 
available. Where a non-ionic surfactant has been used the Debye length for the pure 
solvent will be used. Where AOT was used, the resultant change in conductivity was 
used to estimate the ionisation and hence Debye length. In most cases in EtOAc 
and decane there was no measureable change in conductivity as a result of the 
addition of AOT, therefore the Debye length was assumed to be the same as for the 
pure solvent. 
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Table 3-11. Debye lengths used in the calculations of electrostatic repulsion in pure 
solvent and 12-HSA and Brij 35 suspensions 
Solvent  Debye length 
Decane 219 nm (67) 
EtOAc 119 nm 
IPA 85 nm (118) 
In the case of EtOAc no literature value was available. Therefore, it was necessary 
to estimate the Debye length. In order to estimate an approximate value, equations 
37 and 38 were used and an assumption of the ions in solution being equal to those 
on the surface being assumed: 
Equation 37 was used to estimate the surface charge (𝑞) of a particle  
𝑞 = 4𝜋𝜀𝜀0𝜁𝑎 37 
Using a dielectric constant (𝜀𝑟) of 6.02, zeta potential (𝜁) of -60mV (this is a typical 
zeta potential observed for all the compounds measured in EtOAc) charge size (𝑎𝑠) 
= 10-7m. 
Equation 38 was used to convert this to surface charge density (𝜎0)
 
𝜎0 =
𝑞
4𝜋𝑎𝑠2
 38 
The calculated value for surface change density was used in equation 39 in place of 
𝑧, the ion density. Using this in the Debye calculation we get a length of 119 nm. 
𝜅−1 = [
𝑁𝐴𝑒
2
𝜀𝜀0𝑘𝑇
∑𝑧𝑖
2𝑐𝑖
∞
𝑖
]
−0.5
 39 
Conductivity measurements on solutions of increasing AOT in IPA are shown in 
Figure 3-17, solutions of 1.1mM AOT with increasing levels of water are shown in 
Figure 3-18. The average value of these measurements was used to calculate the 
Debye length in the AOT solutions (119). 
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1
𝜅
= √
𝜀𝜀𝑜𝑘𝑇
6𝜋𝜂𝑅𝑑𝐾
 40 
Where 𝜂 is the viscosity of the solvent, 𝑅𝑑 is the hydrodynamic diameter of the ion 
and 𝐾 is the conductivity.  
 
Figure 3-17. Conductivity of solutions of AOT in IPA (average conductivity from 4 
measurements). 
 
Figure 3-18. Conductivity of 1.1mM AOT in IPA solutions with increasing water levels 
(average conductivity from 4 measurements). 
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Table 3-12. Debye lengths for increasing levels of AOT in IPA calculated from equation 
40. 
concentration of AOT (g/L) 0.06 0.12 0.20 0.20 0.50 
molar concentration (mM) 0.02 0.11 0.22 0.56 1.12 
Debye length (µm) 61 48 39 31 27 
Table 3-13. Debye lengths for solutions of 1.1mM AOT in IPA with increasing levels of 
water. Calculated from equation 40. 
water (%) 0 0.06 0.12 0.2 0.3 0.5 1 
Debye length (nm) 27 26 26 25 25 23 22 
The results of these calculations are presented with the results in Chapters 4, 5 and 
6 alongside the results from the analytical testing. 
3.4.5 Stability ratio 
The stability ratio was used to assess the stability of the colloids. This has been 
calculated using equation 21. A second equation, equation 22, has also been used 
to assist in the evaluation of the stability of the colloids. This is an evaluation of 
equation 21 with the assumption that a colloid will be stable with a stability ratio of 
over 10000. This is more fully discussed in 1.6. The equations are reproduced for 
convenience below.  
𝑊 ≈ (
𝑘𝑇
2𝜋𝜀𝜀0𝑟𝜁0
2)𝑒𝑥𝑝(
2𝜋𝜀𝜀0𝑟𝜁0
2
𝑘𝑇
) 
 
𝜁0
2 >
103
𝜀𝑟
 
Again with this equation there is significant error propagated from the inaccuracy of 
the zeta potential measurement. The results therefore need to be treated with 
caution. The results for the calculations are shown alongside the analytical data in 
the results chapters (Chapters 4-6).  
3.4.6 DLVO 
Standard non-extended DLVO theory has been calculated via equation 15 the 
application of the theory is discussed in more detail in 1.5.1. The equation is shown 
below for convenience.  
𝑉𝐷𝐿𝑉𝑂 = 𝑉𝑣𝑑𝑤 + 𝑉𝑒𝑙𝑒𝑐𝑡 
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The results of the evaluation have been divided by kT in order to allow an easier 
assessment of the predicted stability. The results for the calculations are shown 
alongside the analytical data in the results chapter. When the barrier to 
agglomeration is significantly greater than kT it is unlikely that the energy distribution 
will enable this barrier to be overcome and therefore the suspension will not be able 
to cross the barrier to the primary minimum. 
3.4.7 Conclusions 
The numbers calculated with the equations used here have significant errors 
associated with them. These are as a result of the assumptions that have been 
made with respect to the refractive index and dielectric constant and the error in the 
raw measurement of electrophoretic mobility and zeta potential. As the treatment of 
the samples prior to the measurement of zeta potential effects the measurement 
result, as discussed in 1.4.2, and zeta potential plays a significant part in these 
equations this has a large effect on the prediction of stability.  
The interparticle distance, Hamaker constants and Van der Waals forces presented 
here and the approach to the stability constant will be considered and discussed 
with the experimental results presented in Chapters 4 to 6. 
3.5 Summary 
This Chapter has introduced; 
 How the materials used within this piece of work were selected. 
 The milling and preparation methods used for the preparation of the various 
colloidal suspensions 
 The physical properties analysis methods used to assess the stability of the 
colloidal suspensions.  
 Details of how the results have been processed to analyse them have also 
been discussed in this chapter.  
In the remaining chapters, these methods were applied in order to build greater 
understanding of the interactions identified in Chapter 2.  
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4 The impact of water on stability 
4.1 Introduction 
This Chapter is focussed on the experimental work investigating the effect of water 
on the sols. This factor was identified by the screening work as having an effect in 
combination with other factors, such as solvent and solid. The fact that water has an 
effect on the behaviour of the sol poses a significant risk, as water is present both in 
the atmosphere and in the manufacturing processes used to create colloidal 
particles.  
First the effect low levels of water have on the stability and behaviour of colloidal 
suspensions of pharmaceutically relevant solids in IPA, EtOAc and decane is 
presented. The results are then assessed and contrasted to build correlations 
between physical properties and changes in stability. 
A number of different methods were used to assess the behaviour;  
 KF was used to assess if the suspensions were adsorbing or desorbing 
water from the system.  
 Sediment depth, Turbiscan and rheology were used to assess if there was a 
difference in the macroscopic behaviour of the suspensions.  
The information gained from these assessments was then compared to gravimetric 
vapour sorption (GVS) (see 3.3.9) and wettability data for the solids and water 
miscibility data for the solvents.  
4.2 Adsorption or desorption 
The location of water in a system is likely to play a key role in the effect additional 
water has on the colloidal behaviour. A simple method for ascertaining where the 
water was in the system is to measure the changes in levels of water in the solution 
phase, and comparing this to the expected levels based on the amount of water that 
has been added. In this way it is possible to establish if water is removed from the 
solution phase of a system on the addition of solid particles. 
4.2.1 Method development and experimental 
In order to assess if water was being adsorbed or desorbed, suspensions were 
prepared in anhydrous solvents via resuspension and sonication in order to break 
agglomerates, as described in 3.3.2. Water was then added at increasing levels and 
the samples agitated in order to allow the suspensions to equilibrate. The solids 
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were then removed from the samples by filtration; the water content of the filtered 
solvent was then measured by volumetric KF. The percentage difference between 
the measured water level in the samples and the levels that would have been 
present in the samples had no adsorption or desorption occurred was determined by 
using equation 36. In this way the % more or less than that expected in solution was 
calculated, 𝛿𝑤. Measurements were not made for decane as it is immiscible with the 
KF reagents. 
𝛿𝑤 =
𝑤𝑎𝑡𝑒𝑟 𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 𝑖𝑛 𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 (𝑝𝑝𝑚)
𝑤𝑎𝑡𝑒𝑟 𝑎𝑑𝑑𝑒𝑑 𝑡𝑜 𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 (𝑝𝑝𝑚)
 × 100 41 
4.2.2 Results 
Figure 4-1 and Figure 4-2 show the change in water level in suspensions in IPA and 
EtOAc respectively. In both figures the percentage on the graph is the difference 
between the amount of water added and the measured amount of water; where the 
number is positive, there is a greater amount of water present in the solution than 
what was added, where the number is negative the amount of water added is less 
than what was added. 
For suspensions in IPA (Figure 4-1), in most cases the amount of water in solution is 
greater than that which had been added. This suggests that any water adsorbed 
onto the surface of the particles desorbs when added to the IPA, becoming part of 
the liquid phase. 
While the noise in the replicate measurements is small, there is apparent noise in 
the experiment, this is likely to be due to the hygroscopic nature of anhydrous IPA. 
The IPA is likely to have picked up varying levels of water from the air as a result of 
small variations in the effectiveness of the seals on the vials used. It is clear from 
these results that water is not being removed from the solvent by any of the solids 
present. This suggests that water will be having an effect on the solvent properties, 
rather than as a result of water on the surface of the particles. 
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Figure 4-1. Impact of different pharmaceutically relevant solids on the water levels in 
IPA. The points show the percentage of added water that has been removed. A 
positive number means water has been lost from the solid into the solvent. A negative 
number indicates the water has been taken up by the solid. 
Figure 4-2 shows the same solids in EtOAc. Here, the error within the experiment is 
likely to be lower, as anhydrous EtOAc is significantly less hygroscopic than IPA, 
therefore the effect of atmospheric water ingress is likely to be negligible. There is 
an obvious trend for water to be removed from the solution as a result of the addition 
of the solids with all apart from the hydrophobic solid, API D. Calcium carbonate 
shows the greatest tendency to adsorb water from the system and the behaviour of 
all the other solids was similar. This is unexpected as API B and C are not wettable, 
however API B is able to adsorb water. As discussed in 3.2.2, API A was not used in 
the study owing to the potency of the API and safety considerations.  
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Figure 4-2. Impact of different pharmaceutically relevant solids on the water levels in 
EtOAc. The points show the percentage of added water that has been removed. A 
positive number means water has been lost from the solid into the solvent. A negative 
number indicates the water has been taken up by the solid. 
In order to understand the potential effect of water, the surface coverage of water 
can be calculated. If the thickness of a monolayer of water is assumed to be 
approximately equal to the size of a water molecule (2.75Å), then, 1g of water will 
form a monolayer that covers a surface of 4000 m2. Therefore, in a 0.1% v/v solution 
of water in solvent there is sufficient water to cover 4m2 of surface per mL. The 
mass specific surface area, calculated from the particle size measured by laser 
diffraction with a median of 510 nm is 14.6 m2/g for lactose. At a concentration of 
2% w/v this gives a surface area of 1.6 m2 per mL of suspension to cover. This 
suggests that at most water levels there was sufficient water present to provide a 
monolayer coverage of water. Table 3-2 shows the particle size distribution for the 
solids and associated surface area. The surface area data are reproduced in Table 
4-1 alongside the solid surface area contained in a mL of 2% w/v suspension. The 
surface area is calculated from laser diffraction measurements and therefore 
assumes the particles are perfect spheres, which will not be the case, it is likely to 
underestimate the true surface area. 
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Table 4-1. Surface area, estimated by laser diffraction of solids and surface area of 
solid in a 2% w/v suspension. 
 Surface area (calculated 
from laser diffraction) 
(m2/g) 
Surface area in a 2% w/v 
suspension (m2 /mL of 
suspension) 
Titanium dioxide 12.2 0.24 
Lactose 14.6 0.19 
API D 12.7 0.25 
API E 6.9 0.14 
The results suggest that monolayer coverage of water does not occur with the 0.3 
and 0.5% v/v water samples. Potentially, the particles either have an uneven 
coverage, or only a limited portion of the particles have a water coating. The results 
suggest that monolayer coverage could have occurred at 1% v/v for calcium 
carbonate, and titanium dioxide. For lactose, API B and API C there is still 
insufficient water to allow complete coverage. Observations have been previously 
made (87) on a system of titanium dioxide in carbon tetrachloride. This showed that 
the surface coverage has an effect on the flocculation and settling that was 
observed. They observed that small flocs were produced with a surface coverage of 
between 20 and 60 % but above an 80% surface coverage large flocs were 
observed, sedimentation was rapid with no particles remaining dispersed. 
These results suggest that in EtOAc the effect of water is more likely to be a result 
of water activity at the surface of the particle, whereas in IPA the effect water is 
having is more likely to be a result of changes in the properties of the bulk solution. 
4.3 Turbidity change 
The measurement of settling via use of the Turbiscan allowed an assessment and 
comparison of the effect water has on a system in the presence of different solvents. 
This coupled with the adsorption data gained previously allowed the assessment of 
if water present on the surface of a particle, or as a part of the bulk solution was 
having the greater effect. 
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4.3.1 Method development and experimental 
The Turbiscan was run as detailed in 3.3.11. The samples were prepared as 
described in 3.3.2. A single sample was added to the sample tube and a 
measurement taken. After the initial measurement was taken the required amount of 
water was then added to the Turbiscan sample tube and agitated to achieve a 
homogenous suspension. The sample was then measured with the new water 
content level, this process was repeated for each of the different water levels 
required.  
This experiment was carried out for IPA and EtOAc. Decane was not included as the 
addition of water resulted in significant adhesion of solids to the walls of the sample 
vessel, this meant that when measured, the results did not provide a true reflection 
of the settling that occurred. The adhesion to the walls of the sample tube results in 
the case of the hydrophilic particles, from ineffective wetting by the decane. 
Additionally, as water is not miscible with decane, energetically the water 
preferentially locates on the walls of the sample tube. The water on the tube walls 
results in the particles then collected on the water droplets, resulting in adhesion to 
the vessel walls. 
4.3.2 Results 
The Turbiscan measurements were taken at 1 minute intervals, each scan plots a 
new set of transmission values for the depth of the whole sample tube, as shown in 
Figure 4-3. In order to compare the samples with different levels of water a 25 
minute time point was used for comparison. Figure 4-4 shows the plotted data for 
API C in EtOAc, after 25 minutes of settling. 
 
Figure 4-3. Raw Turbiscan Data for titanium dioxide in EtOAc, the x-axis shows the 
depth of in the sample tube over which a transmittance measurement was taken. The 
transmittance change over time is then plotted at 1 minute intervals with the line 
colour changes from violet to red with increasing time. 
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Figure 4-4.Turbiscan transmission traces at the 25 minute time point for API D in 
EtOAc. The x-axis shows the height on the sample tube at which the measurements 
were taken. 
The sum of the square of the difference between the transmitted light traces at 25 
minutes settling (shown in Figure 4-4 for the no added water sample), and samples 
where water had been added was calculated as shown in equation 42. The square 
was taken as this prevented a negative and positive change in transmitted light, 
cancelling out the observed effect. Figure 4-5 and Figure 4-6 show the change in 
settling behaviour of 2% w/v colloidal suspensions in IPA and EtOAc respectively. 
∑𝑀𝑖
2 − 𝑁𝑖
2 
42 
Where 𝑀 is the transmitted light of the sample with added water, and 𝑁 is the 
transmitted light for the sample with no added water at depth 𝑖. 
Alternative analysis methods such as monitoring transmittance changes at a specific 
depth were also investigated. The exact position selected for investigation was 
found to have a significant effect on the differences seen. This meant that getting a 
reliable result from sample group to sample group was not possible. Furthermore, 
these methods were found to obscure some of the changes which were clearly 
visible in the raw results in addition to variation as a result of point selection.  
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Figure 4-5. Summarised Turbiscan data for samples in IPA with increasing levels of 
water. The data points show the difference in the turbidity of the whole sample depth 
of samples with increasing levels of water and the no added water base case. The 
data is from the 25 minute time point. 
 
Figure 4-6. Summarised Turbiscan data for samples in EtOAc with increasing levels of 
water. The data points show the difference in the turbidity of the whole sample depth 
of samples with increasing levels of water and the no added water base case. The 
data is from the 25 minute time point. 
There are approximately 1000 measurements that are taken into account in the 
calculation of the sum of the squares of the difference, an error of ±30 between 
replicates is seen and therefore differences smaller than this can be considered as 
insignificant. Taking into account the error in the measurement it can be seen in 
Figure 4-5 that additional water has very little impact on the suspension 
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sedimentation. A slight change in the behaviour of lactose is seen however this is 
very small and likely to be within experimental error.  
For the samples in ethyl acetate, the calcium carbonate measurements were 
stopped after 0.4%v/v water was added as the sample settled too rapidly to allow 
measurement on the Turbiscan. The impact of water was the greatest for this 
sample. Figure 4-6 shows a summary of the results; lactose shows a gradual 
increase in change with additional water whereas API’s B and C show little change 
on increasing amounts of additional water being added. API D shows a large impact 
on the initial addition of water which then drops off when further water was added. 
API D showed significant adhesion to the surfaces of the measurement tube. This 
resulted in considerable error, greater than that seen as standard in the samples, in 
the measurements as a result of changes in the adhesion between samples. 
These results suggest that water has limited effect when added to suspensions in 
IPA where the two solvents are fully miscible and the energy of mixing is low. Where 
there is limited miscibility as in the case of EtOAc. A small effect is seen for lactose 
and calcium carbonate where the solid is wettable. The water adsorption suggested 
that water was likely to be located at the surface of the particle when in EtOAc and 
stay in the bulk solvent where IPA was used. These results suggest that water has a 
greater effect on the behaviour of the sol where water is present at the surface of 
the particle, and a lesser effect when the change is to the bulk solution. This will be 
most evidently the case where there is limited solvent, water miscibility and the solid 
is highly wetting. 
In order to investigate this effect in more detail, a further API will be introduced from 
this point with a high wettability and a single non-wetting API investigated. At this 
stage calcium carbonate was also replaced with titanium dioxide for processing 
reasons described in 2.2.2. Therefore, from this point forward, lactose, titanium 
dioxide, API D and API E were investigated. 
4.4 Sediment depth 
The selected combinations of solvent and solid were first investigated by settling to 
see if the effect of water was visible in the different systems. The aim of this was to 
allow the comparison between systems, to provide a hypothesis on the likely causes 
of changes observed and predict trends of likely behaviour based on physical 
properties. 
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4.4.1 Method development and experimental work 
The sediment depth was measured at 1 hour and 3 days for each of the samples. A 
bulk sample was made up with the solid measured to an accuracy of ± 0.5%, solvent 
was then added to ±  0.5mL and the samples sonicated for 30 seconds with a sonic 
probe to disperse. The bulk samples were then split into the required number of 
vials 4mL ± 38uL and the required water was added at 0.1, 0.25, 0.5 and 1 % v/v(solv) 
(4µL ±  0.25µL, 10µL ±  0.27µL, 20µL ±  0.34µL and 40µL ±  0.7µL) and agitated in 
order to ensure the system was thoroughly mixed. The samples were then 
photographed as described in 2.3.7.2. Samples in decane were difficult to measure 
as there was significant adhesion to the sides of the vials as shown in Figure 4-7. 
In order to help limit this adhesion, Repelcoat made by Art de Johnson, an aerosol 
silica spray, was sprayed onto the insides of the vials where adhesion had been 
observed the run was replicated. To ensure the Repelcoat was acting only on the 
surface of the vial and not dissolving in the solution and therefore potentially having 
effects other than preventing adhesion to the glass, the solubility was measured. In 
order to measure this, a sample tube coated with Repelcoat was soaked in decane. 
The decane was then weighed into a clean vial, evaporated and reweighed. This 
gravimetric analysis showed the mass dissolved was 0.16mg/mL the error of this 
measurement is ±0.1mg/mL. This shows the dissolution of Repelcoat is unlikely to 
have a significant effect on the samples.  
 
Figure 4-7. Samples of lactose in decane with increasing levels of water from left to 
right of the pictures. The left hand picture shows vials not treated with Repelcoat, the 
right hand picture shows the same samples, this time the glass was treated with 
Repelcoat. 
In a number of the samples, multiple layers were observed. It was not possible to 
observe the layers in the raw photographic images. In order to allow the 
measurement of this light intensity and contrast of the photographs was adjusted. 
The effect of these adjustments is shown in Figure 4-8. 
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Figure 4-8. Images before and after contrast adjustment. The contrast was altered to 
enable easier measurement of the sediment depth. The samples when here are of 
titanium dioxide in IPA. 
In order to allow comparison of samples, photographs were taken and the ratio of 
sediment depth to total sample depth was taken as described in 3.3.11. This number 
gives a normalised value for sediment depth, independent of camera focal point and 
image size. It is this number which was used for comparison of the settling of 
samples and is presented in the settling figures. A value of 1 represents a sample 
where no apparent sedimentation had occurred, the smaller the value the greater 
the sedimentation observed. 
4.4.2 Results 
Figure 4-9 shows the impact of water on four of the solids being investigated in IPA. 
For both API D and E, no impact of additional water was observed in IPA after the 
initial addition. For lactose, the amount of material remaining suspended changed. 
The upper layer became cloudier on the addition of more water at the 1 hour time 
point. In the case of titanium dioxide, a small change in sediment depth was 
observed until 1% water had been added. 
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Figure 4-9. Normalised sediment depth of 2%w/v  colloidal samples in IPA with 
increasing water levels. 
Figure 4-10 shows the sediment depth with ethyl acetate as the solvent. In these 
samples a significant effect can be seen for all of the samples with either the 
sediment depth increasing or decreasing upon the addition of water. Visual 
observation of the samples showed that API E and titanium dioxide flocculated on 
additional water while lactose samples tended to form small spherical agglomerates. 
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Figure 4-10. Normalised sediment depth of 2%w/v colloidal samples in EtOAc with 
increasing water levels. 
Figure 4-11 shows the same four solids in decane, here some of the samples 
formed balls. An example of this can be seen in Figure 4-12. In these cases it was 
not possible to measure settling depth. Where this is the case, the normalised 
sediment depth is measured as zero. With API E, the sample appeared to flocculate 
on addition of water, in the case of lactose and TiO2 balling was observed. A clear 
trend in the data is apparent for all the solids other than the API D sample where 
there is no obvious correlation between the sediment depth and the amount of water 
added. Visual examination of the API D samples showed that with 1% water added 
there is a significant change in appearance with the material appearing flocculated 
and significantly greater amounts of material adhered to the sides of the vessel. 
The increase in the apparent sediment depth in the no added water sample of 
lactose is as a result of the way the measurements were carried out. In all cases the 
measurement of the sediment depth was taken from the settled material, not taking 
into account material remaining suspended material which was causing a cloudy 
appearance. The increase seen in the sediment depth of lactose with no additional 
water is a result of this. 
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Figure 4-11. Normalised sediment depth of 2%w/v colloidal samples in decane with 
increasing water levels. 
 
Figure 4-12. Balled sample of lactose in decane on addition of water. 
4.4.3 Conclusions 
As suggested by the results from the earlier sections, water appears to have a larger 
impact on the behaviour of the suspension in samples made up in ethyl acetate and 
decane. The effect appears to be increased when the solid being investigated is 
highly wetting. This supports the hypothesis that water will have a larger effect when 
there is a limited miscibility. The balance between water in the bulk and on surface 
will therefore tilt toward surface, when compared to a system where there is very low 
energy of mixing. The direct water on particle surface effect has a greater impact on 
the macroscopic behaviour of the colloid than changes as a result of water 
homogeneously distributed in the solution phase. A more homogenous distribution 
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of water is likely to be the case where energy of mixing is low the water. This is 
more likely to effect the electrostatic interactions by altering the ionisation and 
conductive ability of the solvent. 
4.5 Oscillatory rheology measurements 
In order to probe further the effect of water on the systems, and confirm the trends 
observed via the settling experiments, viscoelastic measurements were made via 
oscillatory rheology. In order to support the observations made previously, it would 
be expected that, where IPA is used, there will be a smaller change on addition of 
water than compared to EtOAc, and both of these see less effect than in decane. 
4.5.1 Effect of solids concentration 
The impact of solids concentration on the viscoelastic properties of the suspensions 
was investigated in order to enable the use of the optimal concentration to be used 
in the future experiments. A Malvern Kinexus Pro+ rheometer was used for all work 
after methods had been developed. An Anton Paar rheometer was used during the 
development stages. The methods used are detailed in Section 3.3.12. Samples 
were prepared by resuspension as described in 3.3.2, at a range of different solid 
loadings. For ease, these were initially prepared as %w/v samples. The 
concentration used was selected based on a number of parameters: 
 A concentration that led to a sample with a shear stress which gave a level 
of torque that would enable structure to be measured was used.  
 The samples were easy to handle and load onto the rheometer. 
 There was sufficient structure to enable measurements to be taken in a 
region where the noise on the measurement was low. 
 The minimum amount of material was used. 
Broadly speaking this was where the complex modulus was approximately 10 Pa. 
The effect of concentration on the viscoelastic behaviour of lactose in IPA is shown 
in Figure 4-13. The complex modulus in the linear viscoelastic region (LVR) was 
then compared. The LVR was defined by region up until the critical stress where the 
G’ value started to drop, as shown in Figure 3-14, an example of this data is shown 
for suspensions in IPA in Figure 4-14.  
In order to achieve a similar modulus for titanium dioxide it was necessary to use a 
significantly higher concentration (w/w) than with the other materials investigated. 
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This is to be expected, as the true density of titanium dioxide is 3.9 g/mL, compared 
to between 1.35 and 1.6 g/mL for the other solids in the study.  
 
Figure 4-13. Complex modulus of lactose in IPA samples at different concentrations. 
As suggested by the viscoelastic measurements, lactose formed a very thick 
suspension at very low concentrations. This was a marked difference from the other 
compounds. While the thickening of the lactose suspensions was particularly 
apparent with the IPA suspension, the suspensions also thickened at a lower 
concentration in EtOAc in comparison with the other solids.  
There is an apparent effect of time on the magnitude of the measured modulus, in 
the early measurements the samples were made up between 2 and 7 days before 
the measurements were taken. This time lag was required, as the instrument was in 
a different location to where the samples could be safely prepared, therefore the 
samples had to be prepared prior to shipping to the site for analysis. In the later 
measurements, an instrument was available on the same site as the analysis, 
therefore the measurements were made on the same day as the sample was 
prepared. This area would potentially be interesting to investigate further in order to 
understand the cause of the variation. Changes in electrophoretic mobility were also 
found with ageing of the sample. It is possible that this could be the cause of the 
change, or a linked change in another parameter resulting in a change in both 
parameters.  
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Figure 4-14. G* modulus in the LVR for suspensions in IPA. 
Table 4-2 shows the concentrations of suspensions that have been used for this 
study.  
Table 4-2. Concentration of suspensions used in %w/v for oscillatory rheology 
measurements. 
 IPA EtOAc Decane 
API D 15 20 10 
API E 20 - 10 
Lactose 5 5 5 
Titanium dioxide 30 25 12.5 
4.5.2 Impact of water method development and experimental 
The samples were loaded and measured on the rheometer as described in 2.3.8. 
Figure 4-16 shows the results of an amplitude sweep taken during method 
development on the Anton Paar instrument. Samples are shown with increasing 
water levels. The level of water increases from the blue, red, green, through to the 
yellow line. A large reduction can be seen in the final sample (yellow). An increase 
in the modulus on the initial additions of water is expected, since visual observations 
showed an increase in flocculation. The increase in flocculation results in an 
increase in the stiffness of the structure formed. This increase in structure manifests 
itself in the increased modulus observed. The sample associated with the yellow line 
in Figure 4-16 is shown in the right hand side vial of Figure 4-15. As can be seen in 
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the picture, a number of hard aggregates have been formed which were not present 
in the preceding samples. As a result of this aggregation it was difficult to apply a 
representative sample to the rheometer, furthermore, without the presence of the 
material forming the aggregates in solution the effective concentration of the 
suspension was reduced. This reduction in effective concentration provides an 
explanation for the drop in the modulus observed. This phenomenon was observed 
to occur with a number of the samples in decane and EtOAc. 
In order to achieve the most reproducible results, it was found that making a single 
sample, removing material for measurement, then adding the required water level to 
the remaining material was most effective. This process of sample removal followed 
by water addition was then repeated for each of the water level measurements 
made.  
 
Figure 4-15. Lactose in EtOAc with increasing amounts of water from left to right. 
Aggregation of the lactose can be seen in the right hand sample. 
agglomerates 
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Figure 4-16. Amplitude sweep on lactose in IPA samples with additional water. Blue 
line - no added water, Red line 0.2% added water, green line 0.5% added water and 
yellow line 1% added water. 
4.5.3 Impact on the modulus in the LVR. 
The modulus in the LVR provides information on the stiffness of the structure found 
in the colloidal suspension. A higher value for the modulus suggests the structure is 
more rigid, this suggests that the interaction between the particles is greater, 
preventing movement of particles. In this section the impact of water on this value is 
considered. 
In some of the cases presented below, there is a significant difference between the 
modulus measured and that which was measured for the concentration samples. 
This is likely to be a result of the difference in the timing of the measurements. In the 
initial samples, there was a lag of a number of days between sample preparation 
and measurement, in the data presented here, the measurements were made on 
the same day as sample preparation, the reasons for this change are discussed in 
4.5.1. Graphs of the loss and storage modulus are shown in appendix E 
IPA with added water. Figure 4-17 shows the complex modulus in the LVR with 
increasing amounts of water present in suspensions of solid in IPA. The solids 
concentration can be found in Table 4-2. The average values were calculated as 
described in 3.3.12. An increase in the magnitude of the modulus suggests that the 
attractive interaction between the individual particles has increased. Where a 
decrease has been observed, the interaction between the particles was reduced, 
resulting in a looser, weaker structure.  
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As can be seen there is very little variation in the magnitude of the moduli on 
additional water being added. This suggests that any effect of the additional water is 
less than the sensitivity of the rheological method used. There are some anomalous 
results shown in the figures, these are likely to be a result of problems with the 
sample loading process, if the excess sample was ineffectively removed this would 
result in an unexpected, unreal increase in the modulus. As the majority of the 
values follow a clear trend these points can confidently be assigned as outliers and 
present as a result of experimental error rather than resulting from a real effect.  
This supports the findings from earlier work reported in this chapter showing that 
additional water in IPA has only a small effect on the behaviour of the system. 
 
Figure 4-17. Complex modulus in LVR found in amplitude sweep at 1 Hz of different 
solids in IPA with additional water. Solid concentrations used for the measurements 
can be found in Table 4.2. 
EtOAc with added water. Figure 4-18 shows the complex modulus in the LVR of all 
the solids excluding API E. API E is not included as the solid loading required to 
carry out the measurement was large and insufficient material was available to 
complete this experiment. The solid content of the suspensions is shown in Table 
4-2. In the case of API D a drop is observed in the magnitude of the measurement 
with increasing water content. In the case of lactose an initial rise in the modulus is 
observed followed by a decrease. The initial increase in modulus is likely to be a 
result of an increase in the stiffness of the structure, which results from increased 
flocculation. The decrease that is then observed is likely to be a result of the 
aggregation of material as shown in Figure 4-15. This aggregation prevents the 
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material in the aggregates being transferred to the rheometer, the resultant drop in 
effective concentration of suspension causes a decrease in the modulus measured. 
Thus the drop in the moduli at high water content is likely to be an artefact rather 
than a real phenomenon. 
 
Figure 4-18. Complex modulus in LVR found in amplitude sweep at 1 Hz of different 
solids in EtOAc with additional water. Solid concentrations used for the 
measurements can be found in Table 4.2. 
Decane with added water. Figure 4-19 shows the addition of water to suspensions 
of in decane respectively. In the cases of  lactose and titanium dioxide there is an 
initial increase in the strength of the structure, before this drops off. This is 
potentially due to the same agglomeration effect seen in the development work (see 
4.5.2). A similar effect is starting to occur at a higher level of water with API E. In this 
experiment the water level was taken to a higher level, up to 0.25% water the 
modulus is seen to increase. After this point, there appears to be a drop off. With 
API D: there is an increase in structure up to 0.1% water at which point the effect 
levels off. Visually API D and E appeared to form loose flocs on addition of water, 
which were easily broken by pipetting or shaking. With lactose and titanium dioxide 
much tighter, smaller agglomerates were formed which did not break up in the same 
way.   
A small amount of separation of the decane from the sample was observed when 
added to the rheometer base plate, qualitatively this appeared to increase slightly 
with additional water in all cases, however, any change was small. Notwithstanding 
this may have had the effect of increasing the readings. 
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Figure 4-19. Complex modulus in LVR found in amplitude sweep at 1 Hz of different 
solids in decane with additional water. Solid concentrations used for the 
measurements can be found in Table 4.2. 
4.5.4 Impact on the critical stress and amplitude G’ and G” crossover point 
As described in 3.3.12 the critical stress is the point at which the modulus starts to 
drop (120). Here the crossover of the G’ and G” which occurs shortly after the 
modulus starts to drop has also been used to help establish the point at which the 
structure of the colloid starts to break down. This was selected as a less subjective 
method for monitoring the structure was breaking.   
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Figure 4-20. Amplitude sweep at 1Hz for titanium dioxide in IPA with no added water. 
The point of infection taken to be the critical stress is marked by the black line on the 
graph. 
The trend of the change in behaviour of the suspensions observed in the analysis of 
the modulus, holds when considering the critical stress, a measure of the force 
required to break any structure present in the system. Graphs showing the effect of 
water on the critical stress for each of the solids in IPA, EtOAc and decane can be 
found in appendix E. In all cases the suspensions in IPA show very little change, 
with significant change being observed for EtOAc and decane.  
4.5.5 Impact on the Frequency sweep 
The frequency sweep gives information about the type of structure in the LVR. 
There are 3 potential cases. 
 A viscoelastic solid – phase angle increases with frequency, at the 
theoretical frequency of 0Hz will have a phase angle of 0° (by extrapolation). 
 A viscoelastic gel – phase angle is constant with increasing frequency. 
 A viscoelastic liquid – phase angle decreases with increasing frequency, at 
the theoretical frequency of 0Hz will have a phase angle of 90° (by 
extrapolation). 
The complex viscosity also yields information on the likely sedimentation of the 
system. Where the viscosity is highly dependent on the frequency settling will be 
lower. With all of these measurements the frequency sweep was carried out at a 
shear stress of 0.01%. In all cases investigated in this study the samples were 
viscoelastic liquids. Some samples showed evidence of significant structure, with 
the complex viscosity being highly dependent on the frequency. Example data is 
Critical stress 
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shown for titanium dioxide in IPA with 1% water added, and lactose in decane with 
no added water is shown in Figure 4-21 and Figure 4-22 respectively. Further 
example data can be found in Appendix I. 
 
Figure 4-21. Oscillatory frequency sweep (at 0.01%) for titanium dioxide in IPA with 1% 
added water. The small change in the complex viscosity shows the sample is likely to 
settle. the modulus show the sample is a viscoelastic liquid. 
 
Figure 4-22. Oscillatory frequency sweep (at 0.01%) for lactose in decane with no 
added water. Complex viscosity shows a strong dependence on frequency and 
therefore settling will be limited. The modulus show the sample is a viscoelastic 
liquid. 
4.5.6 Conclusions 
The results of the viscoelastic studies show that, as observed previously, there is a 
greater effect of water on suspensions where it is likely that a proportionally higher 
amount of water is present on the particle surface, there is a greater effect of higher 
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levels of water. Further to supporting the earlier findings it has been shown that, 
there may be an initial increase in structure, until a critical level of water is present. 
At this point the structure existing throughout the matrix will start to break down, in 
favour of smaller more compact agglomerates. The point, at which this change in 
behaviour is observed is an in which it would be interesting to carry out further 
investigation.  
4.6 Theoretical interactions calculations 
In order to understand if existing theory can be used to help interpret the 
experimental results, a number of theoretical calculations were carried out. These 
calculations are more likely to be applicable to systems where water is 
predominantly homogenous in the continuous solvent phase as discussed in Section 
1.5 (page 35). It would therefore be expected that correlations seen are more 
applicable to the systems in IPA. It may also be possible to elucidate links, where 
EtOAc is the solvent and water is only present at low levels. In this case the water 
may alter the ionisation present on the surface of the particles. Where the water is 
present at higher levels in EtOAc, and a even low levels in decane, the previous 
work presented in Sections 4.2 (page 114) and 4.4 (page 122) suggests that the 
effect water is having is likely to be a result of water present on the surface of the 
particle, and this dominated by capillarity. 
The electrostatic repulsion is presented here, which in combination with the Van der 
Waals repulsion presented in 3.4.3, was used to calculated the DLVO interaction. 
The stability constant was also evaluated. This was carried out using the equations 
and approach presented in 3.4 the electrostatic repulsion, DLVO interaction and 
stability constant have been calculated. The zeta potential used in these calculations 
can be found at appendix D, this is not contained in the main results section for the 
reasons discussed in 1.4.2. 
4.6.1 DLVO interaction 
In order to show how the DLVO interaction is contributed to by its component parts 
the electrostatic repulsion is evaluated first, before combination with the Van der 
Waals attraction shown in 3.4.3. 
Calculation of the Electrostatic repulsion 
As discussed in 3.4.4 (page 88) the electrostatic repulsion has been calculated from 
equation 11. Examples of the resultant repulsion curves for lactose in IPA, EtOAc 
and decane are shown in Figure 4-23 to Figure 4-25. A full set of electrostatic 
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repulsion graphs can be found in appendix D. It can be seen from the graphs that 
the effective range of the repulsion varies with the solvent, this is as a result of the 
Debye length which is related to how ionised the solvents are. The effect of the 
electrostatic repulsion extends over approximately 400 nm in IPA, 600 nm in EtOAc 
and 1000 nm for decane. This change is a result of the decreasing dielectric 
constant of the solvents, as the dielectric constant increases the ion concentration is 
able to increase as a result of the solvent. The increase in ionic concentration is a 
result of a reduction in the separation distance required in order to produce stable 
ions in a higher dielectric constant solvent. This increase in ion concentration results 
in a decrease in the Debye length and therefore a reduction in the distance over 
which repulsion takes place. The magnitude of the repulsion also trends with the 
solvent, in IPA the repulsion is greater than EtOAc, which in turn is greater than 
decane. This is also a result of the same cause, as the ion density increases the 
effective repulsion as the particles approach also increases. The effect of increasing 
zeta potential is to increase the electrostatic repulsion. When this is linked to the 
solvent, a higher zeta potential is required to achieve the same magnitude of 
electrostatic repulsion for a lower dielectric constant solvent than with a higher 
dielectric constant solvent. Therefore when there is a relatively small change in the 
zeta potential with a high dielectric solvent the change in calculated electrostatic 
repulsion is magnified, meaning that any errors in the zeta potential are greater.  
These caveats aside, it is possible to see trends in most cases for the addition of 
water to IPA and EtOAc. The effect of water on decane is far more difficult to 
establish, there is a relatively small change in the electrostatic repulsion when water 
is added. Interrogation of the zeta potential data shows a very broad peak when 
decane is used, as discussed in 3.3.10. This means that if a small change in the 
profile of zeta potential occurred there could be a large change in the reported zeta 
potential. It is likely therefore that the changes seen in the electrostatic repulsion 
could be due to error. 
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Figure 4-23. Electrostatic repulsion for lactose in IPA at increasing water levels. 
 
Figure 4-24. Electrostatic repulsion for lactose in EtOAc at increasing water levels. 
141 
 
 
Figure 4-25. Electrostatic repulsion for lactose in decane at increasing water levels. 
In order to more easily visualise the effect of the addition of water on the 
electrostatic repulsion the electrostatic repulsion at 115 nm has been compared for 
each of the systems. The distance of 115 nm is arbitrary and was selected as a 
significant difference in the repulsions was observed for all the systems at this point, 
also, as a result of the way the repulsions were calculated numbers were available 
for this distance. Figure 4-26 shows the repulsion in EtOAc. 
 The effect on lactose is to increase in repulsion up until 0.1%v/v water at 
which point a plateau is observed. After 0.3%v/v water a drop off in the 
repulsion is observed. 
  With titanium dioxide, the addition of water results in a large drop in 
repulsion, there is then a gradual drop in repulsion. 
 With API D and E a similar profile is observed, until 0.3%v/v water there is 
little change in the repulsion, above this level a drop off in the repulsion is 
observed. 
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Figure 4-26. Electrostatic repulsion at 115nm particle separation in EtOAc 
Figure 4-27 shows the repulsion for the systems in IPA.  
 Lactose shows a drop off in electrostatic repulsion, this is steeper on the 
initial addition. The reduction in repulsion slows as more water is added.  
 Titanium dioxide shows a gradual increase in the repulsion on addition of 
water. 
 API D shows a small increase in repulsion when water levels increase above 
0.5%v/v. 
 API E shows an increase on the initial addition of water this then drops off 
when water is increased above 0.3%v/v water. 
 
Figure 4-27. Electrostatic repulsion at 115nm particle separation in IPA. 
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In decane there was an increase in the electrostatic repulsion in all cases other than 
for lactose. As discussed above it is difficult to tell if the changes observed in the 
electrostatic repulsion in decane on addition of water are real or due to the inherent 
error in the zeta potential measurement. 
DLVO interaction calculation 
The effect of water on the energy of interaction is shown in Figure 4-28 to Figure 
4-30 for Lactose in IPA, EtOAc and decane, the remaining interaction graphs can be 
found in Appendix G. The interaction graphs have been divided by kT in order to 
allow an easy comparison to the energy in the system. Where there is an energy 
barrier which is more than 25 kT (32) it is unlikely that agglomeration will be non-
reversible. In some cases there is a secondary minimum which represents a stable 
flocculated state. 
As a result of the low dielectric constant of decane and to some extent EtOAc the 
surface charge required to achieve stabilisation is higher. This is a result of the 
electrostatic repulsion being spread over a longer range, with a lower ion 
concentration. In order to achieve a significant repulsion at lower interparticle 
distances, a high surface charge is required, which as the solvents are not strongly 
ionising is unlikely. 
Figure 4-28 shows the interaction in lactose. The curves suggest that there is a 
sufficient barrier to agglomeration to prevent agglomeration at all levels. There is a 
very small secondary minimum at about 500 nm which it is not possible to observe 
in the figure. It is possible that the system will settle into this minimum however, 
there will be sufficient energy in the system to move freely in and out of the 
flocculated state.  
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Figure 4-28. DLVO interaction for lactose in IPA at increasing water levels. 
Figure 4-29 shows the interaction of lactose in EtOAc, there is a drop in the barrier 
to agglomeration at levels above 0.5% water where the energy barrier is lower than 
would be expected to prevent irreversible aggregation. 
 
Figure 4-29. DLVO interaction for lactose in EtOAc at increasing water levels. 
Figure 4-30 shows the interaction for lactose in decane. The energy barrier to 
aggregation is much lower than was observed for the lactose in IPA and EtOAc. The 
addition of water results in a reduction in the barrier to agglomeration between the 
particles. However, in neither case is this great enough to provide a high enough 
barrier to prevent irreversible aggregation. 
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Figure 4-30. DLVO interaction for lactose in decane at increasing water levels. 
In all apart from the case of API D in IPA and lactose in EtOAc the energy barrier to 
irreversible aggregation is greater than 25kT. This suggests that it is unlikely that 
there will be sufficient energy in the system to result in aggregation. In most cases a 
very shallow secondary minimum is observed. While there is little energy penalty to 
deviating from this minimum it may suggest that there will be a more stable 
flocculated state existing. 
In no cases was the energy barrier in decane great enough to predict stability 
against irreversible aggregation. In most case the barrier to agglomeration was 
reduced on addition of water. This was a result of a decrease in the zeta potential 
and therefore the electrostatic repulsion as shown in 4.6.1. This is not the case for 
all samples, and the magnitude of any change varies for different particles. This is 
likely to be due to the different interaction each solid has with water. For example. 
 If the sample is hydrophilic, where the solvent is not very miscible with water 
the water in the solvent is likely to migrate to the particle surface. This may 
have an effect on how ionised the sample is or if there the particle is soluble 
in the solvent the particle may partially dissolve in the surrounding water.  
 In the case of IPA, the addition of water, in cases where the solid is not very 
hydrophilic, the water is likely to remain homogeneously mixed with the IPA. 
In this case it is likely that the water will result in small changes in the solvent 
properties, rather than the properties of the particle.  
These interactions are discussed further in relation to the sedimentation and 
rheological measurements in Section 4.7.1 page 148) 
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The actual cause of the change in each case is in reality a mixture of many different 
effects, resulting in a net change. This is a potential area which could be further 
investigated.  
As discussed in 3.3.10 and 3.4 there is considerable error associated with the 
calculation of these interactions. A number of assumptions in the calculation of the 
Hamaker constant were required in order to calculate the values. In the calculation 
of the electrostatic interaction, there were considerable errors associated with the 
measurement of electrophoretic mobility and subsequent calculation of the zeta 
potential. Taking these errors into consideration the results will be considered as 
describing likely trends rather than absolute measurement of the likely interaction 
forces. 
4.6.2 Stability Ratio 
The results from evaluation via the stability constant of predicted stable zeta 
potentials are shown in Table 4-3. The measured zeta potential (ζmeas) and the 
calculated potential (ζcalc) at which the system could be considered stable (62) 
according to equation 22 (reproduced below for convenience) are shown. 
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Table 4-3. Predicted stable zeta potentials (calculated stable zeta potential according 
to equation 22 page 38) and measured zeta potential. Where the measured zeta 
potential has a greater magnitude than the calculated zeta potential, it is predicted the 
colloid will be stable. The error of replicates is shown in brackets. The distribution of 
the measured zeta potential was wide approximately 10-20 mV in EtOAc, 15-25 mV in 
IPA and 40 mV in decane. 
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(±3.5)  
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(±1.5) 
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(±1.7) 
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(±3.3) 
-84 
(±4.5) 
-79 
(±3.3) 
IPA ±13 
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-122 
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-11 
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There is data available for the zeta potential of titanium dioxide in IPA from a 
number of different sources; the value for the zeta potential varies significantly 
Ferrokhi-rad et al (121) find a zeta potential of -8 mV, whereas in a study by Lee et 
al a zeta potential of approximately -32 mV is reported (122). These differences may 
result from a number of different causes. 
 Differing water contents of the IPA in the samples. 
 Different particle sizes and concentrations used. 
 Different surface properties of particles as a result of preparation of particles.  
The results of the calculations suggest that, in EtOAc and IPA, all the suspensions 
should be stable at all levels of water. In decane, the zeta potential is close to or 
below the predicted stable value. These results are likely to be within the error of the 
measurement. These calculations need to be treated with care as the measured 
zeta potential has considerable error associated with it. This said, in most cases the 
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measured zeta potential is considerably larger than the predicted stable value 
suggesting that stability is predicted in spite of the error.  
4.7 Discussion 
As shown in the results of the sedimentation tests, Turbiscan studies and the 
oscillatory rheology when water is added to suspensions in IPA little change in the 
physical behaviour is observed. This is particularly true where the solid was 
hydrophobic as is the case for API D and therefore the driver for interaction between 
water and the surface is energetically unfavourable. The changes observed are 
likely to be a result of changes in the electrostatic interactions. These are discussed 
below in 4.7.1. 
Colloidal systems in ethyl acetate showed a far more significant effect of water. 
Where the solid particles were hydrophilic, the effect of water was particularly 
marked. This was similarly the case when decane was used as a solvent. It is likely 
that this is due to the system trying to achieve its lowest energy state. In EtOAc the 
miscibility of water is limited (Figure 3-1 page 81), therefore the location of the water 
in the bulk of the solvent is likely to be less energetically favourable than if the water 
was to be located on the surface of the particles. The presence of water on the 
surface of the particles is therefore available to form capillary bridges between the 
particles. In the cases of lactose and API E the particles have sufficient solubility in 
water to allow dissolution of the material in the water.  
The effect described above for EtOAc is likely to be being repeated for decane. 
However, the wettability of the solid required to result in such an effect will be lower. 
This is because the miscibility of decane and water is negligible and therefore when 
water is mixed with the colloid the lowest energy place for the water will tend to be 
on the surface of the solid particles. These effects are discussed in more detail in 
4.7.2. 
4.7.1 Comparison with theoretical calculations 
In this section the settling (Section 4.4.2, page 124) and rheology results (Section 
4.5.3 page 132)  for the addition of water will be considered alongside the DLVO 
results and the stability ratio. The stability ratio, an estimation of the surface 
potential required to have a stable non-aqueous colloid, suggests that all of the 
systems should be stable in IPA and EtOAc but are unlikely to be stable in decane. 
This stands for all levels of water present. The DLVO interaction suggests 
something similar, with the energy barrier to irreversible agglomeration of particles 
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being predicted as orders of magnitude greater than kT in IPA and EtOAc with 
exception of API D in IPA and lactose in EtOAc. The DLVO interaction in decane 
suggests the energy barrier is insufficient in all cases but only a small difference 
occurs in decane. 
The suspensions in decane appeared to be the least stable of all the materials. 
Considerable segregation and adhesion to the sides of the vessel was observed. 
The addition of water cannot be fully evaluated by the use of these equations, as in 
order to measure the electrophoretic mobility the water levels in the decane were at 
or below saturation. However, in the experimental work the level of water was often 
above saturation point. Therefore, consideration here can only be given to the point 
at which no additional water was present. 
The remaining systems will be considered by compound rather than solvent to allow 
more detailed discussion. 
Lactose in IPA forms a viscous suspension at low solid loadings, the barrier to 
irreversible agglomeration is nearly 200 kT with no water which reduced to ~35 kT 
by the time 1% water is present. This energy barrier is at its maximum at an 
interparticle distance of ~25 nm, the calculated mean interparticle distance is 1.3 µm 
(see 3.4.1) for the 5% w/v suspension, at this separation according to the DLVO 
calculations there is a negligible attractive force. The minimum lies at a lower 
interparticle distance. The energy associated with the minimum varies from -2.16 kT 
to -2.26 kT at its lowest point (Figure 4-28) for the samples with water added. It is 
likely that the interaction in the suspension is at, or near this minimum, therefore 
little difference would be expected in the oscillatory rheology of the samples. The 
oscillatory measurements (Figure 4-16) support this observation with no practical 
difference in the modulus measured, suggesting there is no significant change in the 
structure.  
A change can be observed in the sediment depth on addition of water, the depth 
reducing as a result of the water addition. However, the electrostatic interaction 
remains at an appreciable value, significantly higher than would statistically allow 
the particles to irreversibly agglomerate. Further interrogation of the results shows 
there is a significant reduction in the barrier to agglomeration with the addition of 
further water. The repulsive force at 140 nm is shown in Figure 4-31. As can be 
seen there is a decrease in the repulsive force with increased water levels, therefore 
it may be possible for the particles to approach closer without the same energy 
penalty. This trend of greater settling could then be attributed to the lower energy 
penalty to exist as a more compact sediment. 
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Figure 4-31. DLVO interaction at 140nm for lactose in IPA with increasing levels of 
water. 
The trends observed for lactose in EtOAc are more complex. However, the increase 
in electrophoretic mobility correlates with the increase in structure observed by 
rheology and in the increase in sediment depth seen at low levels of water. This 
correlation holds at low levels of water suggesting that the observed change in the 
structure is a result of changes in electrostatic repulsive forces. The correlation then 
fails at higher levels of water. This occurs at a similar point to where agglomeration 
is observed; this agglomeration is likely to be a result of capillarity rather than any 
electrostatic phenomenon. 
The magnitude of the predicted repulsive force between titanium dioxide particles is 
about an order of magnitude greater than observed on lactose. Titanium dioxide has 
a higher density and therefore the volume fraction is lower. This results in a greater 
interparticle distance. Different interparticle distances must therefore be considered 
when looking at the sediment depth data. In the rheology measurements the solid 
volume fraction is much more similar as a result of increasing the concentration to a 
level which was appropriate for making the measurements. Visual observations and 
analytical measurement of the titanium dioxide at similar interparticle distances to 
lactose show a very different appearance. The viscosity levels seen in the case of 
lactose are not observed. This is reflected in the minimum in the titanium dioxide 
DLVO calculations being shallower (approximately 10 time less), and in some cases 
not existing for titanium dioxide. Therefore there is less energy barrier to movement 
of the particles allowing a more free flowing system. 
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With titanium dioxide in IPA, the DLVO data (a full data set is available appendix G) 
suggests that there is an initial increase in the repulsion on the addition of water, 
before a drop above 0.5% water. This is not dissimilar to the relationship observed 
with the sediment depth samples. Where significant settling is seen at the 1 hour 
point for the 1% water samples, which is not seen in the lower water content 
samples. No change in the behaviour is seen as a result of zeta potential changes at 
the lower water levels. The repulsive forces that exist do not appear to be sufficient 
to resist settling over an extended period. At the end of the settling time the average 
interparticle distance is approximately 0.8µm. (the average interparticle distance has 
been calculated from the solids concentration in the sediment layer, using the true 
density and size of the particles to calculate the distance between the particles) 
which is still in a region where the electrostatic repulsion is dominant. 
In EtOAc the addition of water reduces the electrostatic repulsion (a full data set is 
available appendix F) between the particles. In this case the destabilisation results 
in an increase in sediment depth. In these samples flocculation was observed. It 
appears that the addition of water has allowed a secondary minimum to be occupied 
resulting in flocculation. The minimum predicted from DLVO is similar to that seen in 
IPA, the difference between the two systems is the barrier to irreversible 
aggregation. The barrier is approximately an order of magnitude lower than in IPA. 
The DLVO interaction data does not adequately explain the difference in visual 
observations. It is likely the flocculation is a result of more complex interactions such 
as acid-base interactions and capillarity. 
Electrostatic repulsion offers an explanation for the small changes in sediment depth 
that is observed in the case of API D. According to the DLVO calculations there is a 
drop in the barrier to agglomeration, there is also an associated change in the 
energy minimum distance and depth. Over a similar range a small drop in the 
sediment depth is observed. The DLVO calculations are somewhat erratic when 
considering API E in IPA, (see appendix G) and no trend is seen in any of the other 
data sets. As with lactose it would appear that interactions are potentially due to the 
particles occupying a flocculated minimum.  
Where water is at a low enough level that a homogenous mixture of water and 
solvent exists, it is apparent that the electrostatic repulsion is playing a significant 
part in the interactions occurring. The point that this fails is dependent on the 
relationship between the relative wettability of surfaces.  
In conclusion this work suggests that at low levels of water the change in 
electrostatic repulsion can be observed directly in the settling of the samples, in 
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some cases the rheology, where the change is significant enough to overcome the 
inherent noise in the measurement. When the water level exceeds that at which a 
homogenous water: solvent mixture exists, there is an apparent divergence in 
behaviour, other factors then dominate the behaviour.  
This suggests that while there is significant noise in the zeta potential measured, 
shown by both the error in replicates and the deviation within the zeta potential 
measurement itself, and the DLVO theory is somewhat lacking for these systems, 
the predicted trends are worth considering and may help to explain any observations 
made. 
4.7.2 Effects of capillarity 
The effect that water has on the system appears, as discussed above, to be related 
to the electrostatic repulsion existing between the particles. While this is the case for 
low levels of water, there are deviations at higher water levels, especially where the 
water is only partially miscible with the solvent. 
Trends are observed when the solvent is fully miscible with water and the solid is 
hydrophobic, water has little impact on the behaviour of the suspension. Where the 
miscibility of water and the solvent was limited, the physical properties of the solid 
had a greater effect on the behaviour of the suspension. Water had the largest effect 
on the most wettable solids in this instance. Finally, in immiscible solvents, the water 
had the largest effect resulting in significant changes in all but the most hydrophobic 
solids. Based on these experimental results, a map of interactions of colloid in 
solvent with the presence of water can be proposed in Figure 4-32. This has not 
been proposed before and could add significant value in the development of such 
systems.  
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Figure 4-32. Summary of the effect of water on compounds of different physical 
properties in different solvents. 
The relationship described in Figure 4-32 is likely to be a result of thermodynamics. 
The water will find the lowest energy condition either at the colloidal solid: liquid 
interface, at the air: solvent interface, the vial wall solvent interface or in the bulk of 
the solvent. The high air: water surface tension would suggest that water at that 
interface is unlikely to be favourable and evidence from the settling tests in decane 
suggest that the vial wall solvent interface is the lowest energy interface unless the 
glass is treated for this system.  
However, if we consider the colloid alone, excluding interfaces with external 
surfaces, the relationship is likely to be a function of the energy of water: solvent 
mixing, interfacial energy between colloidal particle and water and the interfacial 
energy between colloidal particle and solvent. This is further complicated with 
crystalline systems by the properties of the different facets of the crystal and this is 
likely to have a significant impact on the effect that water has. The effect water had 
on API E and lactose were very different, with the water resulting in loose flocs 
forming in the case of API E, whilst with lactose, water caused aggregation of 
particles into hard spheres. Further investigation into the crystal structure and the 
wettability of different crystal facets with both the solvents and water and the linkage 
to the effect seen on the bulk behaviour of the material would provide additional 
insight.  
It is worth considering the nature of crystal lattices in relation to the effect of water. 
The existence of a crystal structure results in a lack of homogeneity of energy and 
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wetting between different surfaces as demonstrated by Shah et al (123) for 
madenamic acid. They showed that the wettability of the faces varied from 56° to 
92°. This nature will be an inherent property of materials where different faces have 
different surface groups which is the case for the solids investigated here. 
The particles were milled to achieve the required particle size. Therefore particle 
breakage and breakage planes of crystals become important in the consideration of 
wetting. It has been shown that the breakage of particles tends to occur more readily 
on planes that result in the hydrophobic faces (124). This is a result of the lower 
energy required to break these in comparison to those with hydrophilic faces where 
stronger H-bonding exists. Therefore the milled material will be more hydrophobic in 
nature than the material from which it is derived.  
The solvent interaction with water, as shown in Chapter 2, shows considerable 
variation in the Gibbs energy of mixing between the solvents investigated. 
Therefore, the water activity varies for each of the different systems. On a 
thermodynamic basis, the mixing of water with the sol should relate to difference 
between the energy of mixing of water with the solvent, and the energy of wetting of 
each of the particle surfaces. 
 
 
Figure 4-33. Diagrammatic explanation of wetting of crystal faces. 
The lack of homogeneity of the surface of the colloidal particles means that, water 
will preferentially locate on different faces at different water levels. A diagrammatic 
explanation can be seen in Figure 4-33. Considering relatively low levels of solvent, 
where the Gibbs energy of mixing is only higher than a single surface of a crystal, 
only this surface will be wetted. Capillary and hydrophobic forces could then be 
formed via only certain sites on the particle, therefore potentially forming a 
structured network with orientation of the particles playing an important part in the 
nature of the sol as shown in Figure 4-34. The same argument could then be made 
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with ever increasing Gibbs energy of mixing in relation to the surface interactions, 
with more surfaces becoming wetted.  
 
Figure 4-34. Diagram of structure resulting from different wetting of crystal surfaces. 
Blue faces represent highly wetting faces. 
As water has a large degree of hydrogen bonding, which results in the hydrophobic 
effect, it would seem unlikely that a monolayer of water would be formed on a 
particle. As described in 4.2.2, a 0.1% v/v solution of water in solvent has sufficient 
water to cover 4m2 of surface per mL. This suggests that at most water levels there 
was sufficient water present to provide a monolayer coverage of water for the 
settling samples. In rheology samples the water level would need to be higher in 
order to achieve the same coverage. 
For the reasons discussed above the presence of a monolayer is energetically 
unlikely. The water coverage is therefore likely to be incomplete or unevenly 
distributed on the particles. The addition of water could then result in a number of 
different scenarios: 
 The aggregation of particles around a water droplet. This is likely to be the 
case where the water is present above the miscibility of water with the 
solvent.  
 Water on the surface of some of the particles resulting in capillary forces 
acting between the particles resulting in flocculation of the particles.  
 Water covering all surfaces of a very wettable particle, then as a result of 
hydrophobic forces driving the particles together, then being held together as 
a result of capillary forces.  
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4.8 Conclusions 
Water has a greater effect when located at the surface of a particle. Throughout this 
experimental work a larger effect of water has been observed in ethyl acetate than 
in IPA. As was demonstrated in the first section of this chapter, the water is more 
likely to locate at the surface of the particle in the case of EtOAc than in IPA. A 
greater effect of water has been consistently observed in the suspensions in water. 
Where there is limited water miscibility and particle surface is wettable the water 
effect is the greatest. It is apparent water has a far more significant effect on the 
material when a less polar solvent is used. As was shown with the settling rate data 
the addition of water has had little impact on its behaviour in IPA but a significant 
change when in ethyl acetate and decane.  
In systems where water is located disproportionally at the surface, when a critical 
water level is reached in a system, the matrix structure present starts to break down 
in favour of smaller, more compact agglomerates. 
Where polar solvents are used electrostatic repulsion has a significant effect on the 
behaviour of the sol. The effect of water on the electrostatic repulsion is observable 
in the settling measurements. 
The evaluation of the DLVO theory and Coulombic calculations suggest that the 
theories may hold in predicting trends in likely behaviour, they do not hold for 
absolute prediction, therefore are not able to be used for comparison of behaviour 
between sols. 
These results indicate that when handling sols in low dielectric constant and limited 
miscibility solvents care needs to be taken to prevent water contamination. This is 
especially the case the more wetting the solid is. 
A number of areas were identified as potentially of interest for further investigation, 
these are likely to be linked and have a likely similar root cause, they are in the 
areas of, the underlying causes of the change of electrophoretic potential resulting 
from additional water, the cause of changes with time on the electrophoretic mobility 
and the changes in structure as measured by oscillatory rheology measurements. 
4.9 Summary 
In this section the impact of water contamination on a number of different 
compounds have been investigated. A range of solids and solvents have been 
selected for use in the remainder of the study. These represent a cross-section of 
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physical properties and a range of solvents from a fully water miscible, polar protic 
solvent to an immiscible non-polar solvent. 
These results were discussed and a process map proposed to risk assess the 
impact of water contamination of the sol. Initial conclusions have been made, these 
results will now be used to inform further work in this study. 
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5 Surfactant impact on colloidal behaviour 
5.1 Introduction 
The DoE described in Chapter 2 highlighted surfactants as having an interesting 
effect on the stability of the colloidal system. This chapter focuses on the 
experimental work looking into the effect that different surfactants have on the 
colloidal behaviour of the different API’s in EtOAc, IPA and decane.  
Initially, a range of different surfactants were screened to identify those which had 
an apparent effect on the stability of the colloidal suspension. A comprehensive list 
and justification of the surfactants used can be found in 3.2.3. Once the surfactants 
for use were selected the remaining work was carried out on these systems.  
The impact of the selected surfactants on each of the four solids selected for 
investigation (see Chapter 6): lactose, titanium dioxide, API D and API E in the three 
solvents (see 3.2.1), decane, EtOAc and IPA, was investigated by monitoring the 
effect on settling, rheology and electrophoretic mobility. These have been measured 
in order to build an understanding of how the surfactants impact the stability of the 
systems.  
In Chapter 1 different mechanisms were identified for showing how surfactants may 
alter the behaviour of the colloidal systems. These can broadly be separated into 
three different effects.  
1. Stabilisation due to steric hindrance  
2. Stabilisation due to the formation of increased electrostatic repulsion 
3. Depletion flocculation. 
All three of these factors may be affecting the colloids to different degrees, 
depending on the system considered and the level of surfactant. 
5.2 Surfactant screening 
As it is not appropriate, or possible, to use all the identified surfactants in 
combination with the solids, a screening exercise was carried out instead. In order to 
screen the surfactant, solvent and API combinations, a series of 4%w/v suspensions 
were made up, with each of the solids, in each of the solvents and sonicated to 
disperse the solids. The suspensions were then diluted to 2% by addition of 
surfactant solutions. The samples were then agitated overnight in order to ensure 
that equilibration had occurred. The resultant suspensions were then examined by 
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light microscopy. An example set of results are shown in Table 5-1, this shows the 
results for titanium dioxide. The microscopy was examined alongside the bulk visual 
appearance and the samples that appeared least agglomerated were identified and 
selected. For IPA and EtOAc two surfactants were selected. For decane it was only 
possible to select one surfactant owing to the lack of solubility of the majority of the 
screened surfactants in decane.  
Table 5-1. Dispersion of titanium dioxide in IPA with different surfactants. 
surfactant Microscopy – without 
pressure on slide 
Microscopy – with pressure 
on slide 
 
No surfactant 
  
 
Sodium lauryl 
sulphate 
   
AOT 
   
Benzalkonium 
chloride 
   
hexadecylpyridium 
chloride 
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Brij 35 
   
tetradecanol  
   
12 hydroxystearic 
acid (12-HSA) 
   
Lipoid S45 
 
  
Table 5-2 shows the surfactants that were selected. It can be observed that the 
effectiveness of a surfactant appears to be dominated by the solid rather than the 
solvent that is present. It was found using these screening experiments that the 
same surfactants were the most effective at dispersing the solid irrespective of the 
solvent used. 
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Table 5-2. Surfactants used for solid solvent combinations. 
Solid Solvent Surfactant 1 Surfactant 2 
Lactose IPA AOT 12-HSA 
EtOAc AOT 12-HSA 
Decane AOT  
Titanium Dioxide IPA AOT Brij 35 
EtOAc AOT Brij 35 
Decane AOT  
Atovaquone  IPA AOT 12-HSA 
EtOAc AOT 12-HSA 
Decane AOT  
Other API IPA AOT 12-HSA 
EtOAc AOT 12-HSA 
Decane AOT  
5.3 Sediment depth 
Sediment depth was used to compare the effect of increasing levels of surfactant, to 
the base case where no surfactant was added. As well as the settled depth 
measurements which are presented in figures below, visual observations were 
made on the appearance of the suspensions. These visual observations are 
discussed within the text, and used to help explain the sedimentation data. 
The impact of surfactant on the sediment depth of the suspensions was measured 
after 1 and 24 hours. The samples were photographed and the sediment depth 
calculated as detailed in 3.3.11. Levels of surfactant were calculated as a 
percentage of the solid mass present. For comparison to the base case, a sample 
was made up with no surfactant present. As with the screening samples these were 
made up at 4% w/vsolvent and sonicated to disperse. Surfactant solution was then 
added to make up solutions of 0, 1, 2.5, 5, 10 and 20% w/wsolid. The samples were 
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then agitated in order to ensure the samples were homogeneous and at equilibrium 
before being allowed to settle. An example of a settling rate experiment is shown in 
Figure 5-1, this example shows the variation seen in the sediment depth after 1 
hour. The samples are 2%w/v API E in decane with AOT as surfactant, the extreme 
right shows the sample with no added surfactant, the surfactant level then 
decreases from right to left.  
In order to allow comparison of samples, photographs were taken and the ratio of 
sediment depth to total sample depth was taken as described in 3.3.11. This number 
gives a normalised value for sediment depth, independent of camera focal point and 
image size. It is this number which was used for comparison of the settling of 
samples and is presented in Figure 5-2 to Figure 5-5. A value of 1 represents a 
sample where no apparent sedimentation had occurred, the smaller the value the 
greater sedimentation was observed. 
 
Figure 5-1. Example of sediment depth pictures with surfactant. The samples shown 
are of API D in decane with increasing levels of AOT from left to right with exception 
of the far right sample has no surfactant added. 
5.3.1 Results 
Visual observations of the samples were made during the settling experiment. In all 
suspensions in decane, the addition of surfactant had the effect of reducing the 
amount of adhesion of solids to the side of the vial. While in some cases the 
normalised sediment depth remains similar, there is a visual difference between the 
samples (see 3.3.11) 
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5.3.2 Lactose suspension 
Figure 5-2 shows the sediment depth of lactose in decane, IPA and EtOAc, with the 
surfactants selected from the screen detailed above (see Section 5.2). The results 
show that lactose is most stable to settling when suspended in IPA. The samples 
are far less stable in decane, where they appear far more tightly agglomerated and 
rapidly settled. Without surfactant present, the samples in IPA and EtOAc appear to 
have flocculated into a matrix, likely to preventing sedimentation. The addition of 
surfactant reduces this interaction, the resulting samples are visually far less 
flocculated in all cases, allowing greater settling. 
 Where 12-HSA was used as the surfactant no trend in the settling is 
observed. This suggests that little change in stability is resulting from the 
addition of the surfactant. Where AOT has been used as a surfactant a trend 
can be observed, with increased sedimentation occurring.  
 Where decane is the solvent little effect is seen of additional surfactant until 
2.5%w/w surfactant is added. At this point there is a step change in the 
settling behaviour, with a second plateau being observable. 
 In IPA there is an initial increase in the sediment depth on addition of AOT. A 
steady decrease in the ratio is then observed at the 1 hour settling point. At 
24 hours there is no apparent difference in the sediment depth above 
2.5%w/w surfactant. 
 In EtOAc a steady trend can be seen with both the 1 hour and 24 hour 
samples. The ratio decreases with the increasing level of surfactant, there is 
no further change in behaviour at above 10%w/w surfactant.  
 
Figure 5-2. Normalised sediment depth for 2% lactose samples with surfactant at 
different levels (surfactant levels are %w/w solid). Red and blue columns show 1 and 
24 hours of settling respectively. A normalised settled depth of 1 means no settling 
has occurred. 
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5.3.3 Titanium dioxide suspensions 
Figure 5-3 shows the normalised sediment depth data for titanium dioxide in the 
solvents. In IPA the samples are stable against settling both with and without 
surfactant present. Decane samples were effectively stabilised to sedimentation 
over a 1 hour time period, by the addition of surfactant.  
 In EtOAc Brij 35 appears to have a small effect with a small decrease in the 
sediment depth until 1 %w/w surfactant is added and then an increase in the 
ratio from 1 to 5% w/w surfactant. It appears that no additional change is 
occurring above 5% w/w surfactant.  
Where AOT is used as the surfactant no trend in the results is apparent.  
 In IPA the effect of AOT and Brij 35 is similar, little change is observable in 
the behaviour of the samples up until 10% w/w surfactant is added. The lack 
of settling at 1hour shows the samples are stable to sedimentation. They do 
not appear visually flocculated, as was observed with lactose. This slow 
settling allows a densely packed sediment layer to be formed. At 10% w/w 
surfactant there is a significant jump in the sediment depth after 24 hours of 
settling, this shows that further stabilisation has occurred, and Brownian 
motion is able to dominate, maintaining the sample in a dispersed state. 
 In decane there is a dramatic effect of AOT in the 1 hour sediment depth 
samples. A small increase in the ratio is observed in the 0.5%w/w sample, 
then at 1%w/w surfactant a large increase is observed. Above 1%w/w a 
slight drop off in the ratio is observed. These trends are maintained at 24 
hours, with exception of the difference between 0.5 and 1%w/w surfactant 
being eliminated. The sediment depth where surfactant has been added is 
lower after 24 hours where surfactant has been added, this is likely to result 
from more effective packing as a result of less flocculation and slower 
sedimentation. No further change in the sediment depth is observed for the 
0 and 0.5%w/w surfactant samples.  
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Figure 5-3. Normalised sediment depth for 2% titanium dioxide samples with 
surfactant at different levels (surfactant levels are %w/w solid). Red and blue columns 
show 1 and 24 hours of settling respectively. A normalised settled depth of 1 means 
no settling has occurred. 
5.3.4 API D suspensions 
Figure 5-4 shows the normalised sediment depth for suspensions of API D. There 
does not appear to be a considerable trend with any of the combinations of 
surfactant and solvent. The sols appear to be most stable to sedimentation in the 
case of IPA and least stable in the case of EtOAc.  
 In decane there is a small increase in the sediment depth at the 1 hour time 
point until 1 %w/w surfactant has been added. After this point there is a step 
down in the sediment depth with only a small change being observed after 
this point. In this case unlike with the other systems studied, less adhesion to 
the vessel or flocculation were observed in the samples without surfactant 
present. This can be attributed to the hydrophobic surface, which will be 
better wetting in decane than the more hydrophilic solids. 
 In IPA all samples are relatively stable. A similar trend is observed for both 
12-HSA and AOT with a small increase in the sediment depth being 
observed at both the 1 hour and 24 hour time points until 2.5%w/w surfactant 
has been taken. Above 5%w/w surfactant no significant change in the 
sediment depth is observed.  
 In EtOAc no impact of surfactant is seen other than with 20% AOT added 
where a significant increase in the sediment depth is observed.  
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Figure 5-4. Normalised sediment depth for 2% API D samples with surfactant at 
different levels (surfactant levels are %w/w solid). Red and blue columns show 1 and 
24 hours of settling respectively. A normalised sediment depth of 1 means no settling 
has occurred. 
5.3.5 API E suspensions 
Figure 5-5 shows the normalised sediment depth for suspensions of API E. In no 
case can the sols be considered stable to sedimentation. 
 In decane an increase in the sediment depth is observed on the initial 
addition of surfactant. There is then a gradual decrease in the sediment 
depth on addition of further AOT.  This holds for both the 1 hour and 24 hour 
samples.  
 In IPA no trends are observable for either AOT or 12-HSA. 
 In EtOAc with AOT as surfactant a decrease in sediment depth at 1 hour is 
observable up to 1%w/w surfactant after which point there is no further 
change. At 24 hours a trend is no longer observed.  
Where 12-HSA was used a gradual increase in sediment depth up to 10 
%w/w surfactant is observed after 1 hour of settling and up to 5%w/w 
surfactant after 24 hours of settling. After this initial increase the sediment 
depth reduces to similar levels seen with no surfactant added.  
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Figure 5-5.Normalised sediment depth for 2% API E samples with surfactant at 
different levels (surfactant levels are %w/w solid). Red and blue columns show 1 and 
24 hours of settling respectively. A normalised sediment depth of 1 means no settling 
has occurred. 
5.3.6 Discussion 
The surfactant effect was most significant where decane was the solvent. While this 
may not be apparent from the tabulated data, visually there was a significant change 
in the adhesion to the surfaces of the vessel. Generally the addition of surfactant to 
the samples resulted in a reduction in adhesion to the surfaces. API D is the 
exception in this case. In the case of API D the surfaces are very hydrophobic in 
nature which is in contrast to the other compounds which have a greater hydrophilic 
nature. It could therefore be anticipated that this would have the least tendency to 
adhere to the sides of the vessel and flocculate, therefore any changes in the 
behaviour would be less apparent than when the initial state is more flocculated.  
One measure of the stability of a sol is its tendency to segregate. In the sols in this 
study, samples cannot be considered as stable to sedimentation, all having the 
tendency to settle even after the addition of surfactant, the most effectively stabilised 
system appears to be titanium dioxide in IPA with greater than 10%w/w surfactant. 
In this case limited settling was observed, with a marked difference to the 
observation without surfactant present after 24 hours settling. Visual observations 
showed that there was a decrease in the flocculation that was visible in the samples. 
In some cases, most notably titanium dioxide in decane, the sediment depth after 1 
hour is larger on addition of surfactant than where no surfactant is added. After 24 
hours the sediment depth is smaller, with surfactant, than without. This is likely to be 
a result of reduced flocculation resulting in a slowed settling rate, therefore resulting 
in a greater sediment depth after the first hour. After 24 hours, the slowed settling 
rate and the absence of large flocs allows the more effective packing with surfactant 
present, resulting in a smaller sediment depth with the surfactant present. 
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5.4 Oscillatory rheology measurement 
In order to better characterise the changes in behaviour observed in the settling 
data, viscoelastic measurements were made on the suspensions. From the settling 
data it would be expected that the suspensions in decane would have the largest 
change in structure, as these showed the largest effect in the settling tests. This is a 
result of the highly hydrophobic nature of the solvent, and with the exception of API 
D, the presence of hydrophilic surfaces on the particles. Therefore it can be 
expected that the surfactant assists with the wetting of these surfaces. 
Oscillatory rheology measurements were carried out using a Malvern Kinexus with a 
40 mm parallel plate geometry fitted. The samples were prepared by resuspension 
of the dried milled powder, the suspension was dispersed via sonication with a 
probe as described in 3.3.2. The prepared suspension was then separated into a 
series of vials and surfactant added. The suspensions were then agitated in order to 
dissolve the surfactant and allow the system to equilibrate. 
It was found that small changes in the preparation of the initial solution had a 
significant effect on the suspension properties. As discussed in 3.3.2, the variation in 
the results is likely to come from slight changes in the effectiveness of the dispersion 
and the time between sample preparation and measurement. The redispersion time 
was a balance between achieving a good dispersion of the particles and not causing 
significant evaporation of the solvent. 
An amplitude sweep and frequency sweep was carried out on all of the samples. 
Example raw data for the amplitude sweep measured at 1Hz can be seen in; Figure 
5-6 for titanium dioxide in IPA with 12-HSA and Figure 5-7 for 10% API D in decane 
with AOT as surfactant. Example raw data for the frequency sweep measured at 
0.01% can be seen in Figure 5-8 for 10% API D in decane with AOT as surfactant. 
Further raw data can be found in Appendix I. 
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Figure 5-6. Oscillatory amplitude sweep raw data for titanium dioxide in IPA with Brij 
35 as surfactant. The red line shows G’, blue line G” and green line is the phase angle. 
Squares show no added surfactant, diamonds show 2.5%w/w surfactant, triangles 
shown 5%w/w surfactant, crosses show 10% w/w surfactant and upside down 
triangles show 20% w/w surfactant. 
 
Figure 5-7. Oscillatory amplitude sweep at 1Hz raw data for 10%w/v API D in decane 
with AOT as surfactant. The red line shows G’, blue line G” and green line is the phase 
angle. Plus markers show no added surfactant, squares show 1.25%w/w surfactant, 
triangles show 2.5%w/w and dots show 10% surfactant. 
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Figure 5-8. Oscillatory frequency sweep at 0.01% shear stress raw data for 10%w/v 
API D in decane with AOT as surfactant. The red line shows G’, blue line G” and green 
line is the phase angle. Square markers  how no added surfactant, triangles show 
0.75%w/w surfactant, diamonds show 5%w/w surfactant and circles show 10%w/w 
surfactant. 
The raw data have been analysed as described in 3.3.12.2, the data presented in 
this chapter is of the complex modulus in the LVR. Critical stress, loss and storage 
modulus in the LVR can be found in appendix J: 
It was necessary to use a different solid concentration between the sedimentation 
experimentation and the viscoelastic studies shown here. This was required as in 
order to observe a measureable difference in the sedimentation the solid 
concentration needed to be relatively low. With the oscillatory rheology the 
concentration needed to be increased to a level which would allow reproducible 
measurements on the rheometer, as discussed in 4.5.1. The solid concentration 
used in these experiments was the same as used for the studies in chapter 4, the 
concentrations used are summarised in Table 4-2.  
In this study, the concentration of surfactant was maintained as a consistent ratio 
with the solid, as was used with the sedimentation experiments, rather than with the 
solvent. Both scaling on solid concentration or solvent concentration have problems 
associated with them: 
 If the solvent concentration of surfactant was kept constant, then the 
additional solid surface available would result in a decrease in the observed 
171 
 
surfactant concentration in solution, as a result of surfactant adsorption on to 
the solid surface. 
 If the ratio of solid to surfactant is kept constant, the surface coverage of the 
solid is likely to remain similar, (depending on the particle size and affinity) 
however, there is likely to be a higher concentration of surfactant in solution. 
As there is a higher surfactant concentration in the solvent there will be a 
larger amount of micelles present. The picture is very complex, with the 
increased micelle concentration potentially changing the driving force for 
surface coverage. This change is unlikely to be as significant as the 
difference if the solution concentration of surfactant was used as the scaling 
parameter. 
In an ideal world a level of surfactant would be added which allowed the same 
surface coverage and the same solvent concentration would be used. In reality this 
would be very difficult, if not impossible to achieve. It was decided that scaling on 
the solid concentration was the most appropriate compromise. In this way there is 
likely to be an overlap in concentrations studied; in terms of solution concentration, 
there will be an overlap at the lower concentrations used for the oscillatory rheology 
and the higher concentrations used in the settling work. The surface coverage 
should be maintained at a similar level between the two concentrations. 
This change in concentration needs to be taken into consideration when comparing 
results between the settling and viscoelastic studies.  
5.4.1 Lactose 
Figure 5-9 shows the complex modulus in the LVR for amplitude sweep 
measurements of suspensions of lactose in decane, EtOAc and IPA with 12-HSA or 
AOT added. The solid concentration used in the runs are shown in Table 4-2. Full 
graphs with the critical stress, loss and storage modulus can be found in appendix J. 
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Figure 5-9. Complex modulus measured by amplitude sweep at 1Hz of lactose in a 
range of solvents with increasing levels of surfactant added. Solids concentration 
used can be found in Table 4.2. 
In decane. Lactose is poorly wetted by decane. Where there is a low level of or no 
surfactant, the lactose has a tendency to adhere to the surface of the vials and 
rheometer geometry. This makes the measurement of these points challenging and 
open to error. At high levels of surfactant this phenomenon stops and the 
measurements are therefore easier to make. 
The critical stress and modulus shows a large drop off when 0.5%w/w surfactant is 
added. The critical stress is approximately halved on the first addition of surfactant, 
and the storage modulus decreases from approximately 250 Pa to less than 50 Pa. 
After this point there is not significant variation in the properties up to 5% w/w. There 
appears to be an increase in the structure between 5 and 10% w/w surfactant. 
These results suggest that there is a decrease in strength and the stiffness of the 
structure. This would be expected with a decrease in the effect of the attractive 
force, which fits with the surfactant being effective and increasing the repulsion 
between particles. 
In EtOAc. On addition of 12-HSA, the modulus and critical stress show no apparent 
correlation with the level of surfactant present. This suggests that this surfactant 
does not have a significant effect on the structure of the suspension. When AOT 
was added, there is a gradual drop off in the modulus and critical stress. This 
suggests that the structure of the suspension decreases on increasing levels of 
surfactant. 
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The results show that the use of AOT is more effective than 12-HSA as a surfactant 
to stabilise lactose suspensions in EtOAc. While with AOT there is a clear trend of 
decreasing elastic modulus and hence decreasing structure. 12-HSA appears to 
have little effect on the behaviour of the suspension with changes in the rheology 
appearing to be random and within error, when both IPA and EtOAc are the 
suspending solvents.  
In IPA. In IPA, with both of the surfactants there is a significant drop off in the 
complex modulus on the addition of 0.5% w/w surfactant in both cases from about 
180 Pa to 40 Pa. This drop continues for AOT to less than 10Pa upon further 
addition of surfactant. This is not the case for 12-HSA where the modulus remains 
above 40Pa. This suggests the structure of both of the suspensions is initially being 
reduced as would be expected if the surfactants were effective. In the case of 12-
HSA there is an apparent increase in structure at high surfactant concentrations, this 
is potentially due to depletion flocculation as a result of unbound polymer increasing 
the structure. The critical stress for both of the surfactants remains fairly constant, 
with AOT showing a small decrease and 12-HSA a small increase. This shows the 
strength of the structure is relatively unaffected by the presence of the surfactant. 
These data suggest that AOT is the more effective surfactant in this case. 
5.4.2 Titanium dioxide  
Figure 5-10 shows the complex modulus in the LVR for amplitude sweep 
measurements of suspensions of titanium dioxide in decane, EtOAc and IPA with 
12-HSA or AOT added. The solid concentration used in the runs are shown in Table 
4-2. Full graphs with the critical stress, loss and storage modulus can be found in 
appendix J. 
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Figure 5-10. Complex modulus measured by amplitude sweep at 1Hz data of titanium 
dioxide in a range of solvents with increasing levels of surfactant added. Solids 
concentration used can be found in Table 4.2. 
In decane. Where titanium dioxide is suspended in decane and AOT the modulus in 
the LVR increased for increasing levels of surfactant. There is approximately a 
tenfold increase in the complex modulus between no surfactant and 10%w/w 
surfactant. This increase in modulus suggests that there is an increase in structure 
observed throughout the range of surfactant concentrations. This is the opposite of 
what has been observed in all other cases. Visually along with this increase in 
structure is a decrease in obvious flocs in solution. Also where more surfactant is 
present the level of macroscopic separation of titanium dioxide and solvent is 
reduced (ie less settling of the sample occurring). The increase may be a result of a 
change in the interaction being measured. Where no surfactant is present there are 
a lot of flocs present, it is plausible that the interaction between the flocs is being 
measured, rather than in the latter cases the interaction between the discrete 
particles is being measured. 
In EtOAc. In the samples suspended in EtOAc there are differences in the initial 
sample measurements, this was as a result of measurements have been carried out 
at different times, on different sample preparations. This was discussed as part of 
the method development in 3.3.12. There is some interesting behaviour of the 
suspensions of titanium dioxide in ethyl acetate. Brij 35 has the effect that would be 
anticipated, with a tenfold reduction in the modulus when 5%w/w Brij 35 was added, 
suggesting a reduction in the stiffness of the structure on additional surfactant. 
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Where AOT was the surfactant an initial decrease in the modulus of about 100 Pa 
was observed, indicating a decrease in the stiffness of the sample. The trend is 
broken with an increase in the modulus when 10% w/w surfactant is added. This 
could be due to a number of different effects: 
 Depletion flocculation as a result of increased amount of free polymer in 
solution resulting in an increase in the attractive forces and hence structure 
and modulus.  
 An increase in the repulsion between particles as a result of increasing 
electrostatic repulsion limiting the ability of the particles to move past each 
other. 
These results suggest that Brij 35 is the more effective surfactant in this case. 
In IPA. In IPA The surfactants both have the effect that would be anticipated if the 
surfactant was stabilising the sol reducing the interaction between the particles. AOT 
results in a greater than an order of magnitude reduction in complex modulus on the 
addition of 2.5% w/w surfactant, with Brij as the surfactant the reduction in modulus 
was slower, with a halving occurring on the addition of 10% w/w surfactant. The 
results show that in IPA there is a decrease in the modulus with increasing 
surfactant. AOT is more effective as a surfactant, reducing interactions between the 
particles at lower surfactant levels. 
5.4.3 API D 
Figure 5-11 shows the complex modulus in the LVR for amplitude sweep 
measurements of suspensions of API D in decane, EtOAc and IPA with 12-HSA or 
AOT added. The solid concentration used in the runs are shown in Table 4-2. Full 
graphs with the critical stress, loss and storage modulus can be found in appendix J. 
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Figure 5-11. Complex modulus measured by amplitude sweep at 1Hz data API D in a 
range of solvents with increasing levels of surfactant added. Solids concentration 
used can be found in Table 4.2. 
In Decane. With API D in decane with AOT, there appears to be a small jump from 
~41Pa to ~62 Pa in the modulus when 0.5% w/w surfactant is added. The modulus 
is low in this measurement, therefore there is greater error in the measurement. 
After 0.5% w/w addition the modulus gradually decreases. This is slightly offset from 
the critical stress which continues to increase up until 1% w/w AOT at which point a 
drop is observed. This may be a result of partial coverage of the particles with 
surfactant resulting in bridging occurring between the particles where there is 
insufficient surfactant present. 
In EtOAc. API D exhibits similar behaviour to that seen with titanium dioxide in 
decane, in that there is a steady increase in the modulus suggesting an increase in 
the structure of the colloid on increasing levels of 12-HSA. The increase is from 
~120Pa to 900Pa over a 10% w/w surfactant addition. An increase of ~1000Pa is 
also observed on the initial addition of AOT. It was necessary to have a relatively 
high level of API D present in the suspension in order to produce a structure that 
was measureable, it was also found that there was a significant effect of time on the 
measured values. This suggests that there is significant change occurring to the sol 
over time. When the surfactant is added this may result in flocculation of the 
particles caused by either partial coverage of the particles with surfactant, or by 
depletion flocculation. As with a number of the other samples these two runs were 
carried out separately, resulting in a different starting measurement for modulus 
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(see 3.3.12 for discussion of the effect of sample preparation on viscoelastic 
measurement).  
In IPA. In IPA the initial addition of 12-HSA results in a significant drop from over 
2500 Pa to less than 100 Pa in the modulus, suggesting that there is a significant 
drop in the structure. After this point the addition of further surfactant increases the 
modulus measured. This suggests that the initial addition of surfactant effectively 
stabilises the material, on the addition of further surfactant depletion flocculation 
may be occurring. Addition of AOT results in a smaller decrease in the modulus from 
over 1000 Pa to approximately 600 Pa on the initial addition, this suggests there 
structure has been reduced. After the initial addition the addition of further surfactant 
appears to have little effect.   
5.4.4 API E 
It was not possible to get reproducible results for API E in EtOAc as even at 
relatively high levels of solid little interaction was measured. The low level of 
interaction measured suggests that API E is well dispersed in EtOAc. Figure 5-11 
shows the complex modulus in the LVR for amplitude sweep measurements of 
suspensions of API E in decane, EtOAc and IPA with 12-HSA or AOT added. The 
solid concentration used in the runs are shown in Table 4-2. Full graphs with the 
critical stress, loss and storage modulus can be found in appendix J. 
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Figure 5-12. Complex modulus measured by amplitude sweep at 1Hz data API E in a 
range of solvents with increasing levels of surfactant added. Solids concentration 
used can be found in Table 4.2. 
In decane. When suspended in decane, the lack of wettability of API E in decane 
has meant that measurement of the rheological properties was challenging. During 
the measurement there was significant segregation of API E and decane. This was 
visually reduced with the increase in AOT present. The measurement of the values 
presented here may therefore not be a true reflection of the structure of the system 
as the interface between the surface and the suspension may contain a higher 
proportion of solid than the bulk solution. The increase seen in the structure may be 
a result of a more homogenous system being present. 
In IPA. In IPA the addition of 12-HSA to the suspension of API E in IPA shows a 
nearly tenfold decrease in the modulus, suggesting a decrease in the strength of the 
structure, on the addition of the first small quantity of surfactant. Little change was 
observed on further surfactant addition, this suggests that the addition of further 
surfactant has little effect on the structure of the suspension. With AOT no change 
was seen on the addition of surfactant. This suggests that 12-HSA is the more 
effective surfactant in this case. 
5.4.5 Discussion 
Let us now consider the settling and oscillatory rheology data in combination to 
assess the full effect of the surfactants. There are a number of problems with 
carrying out a direct comparison of the data collected in the different tests as 
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discussed at the start of this section. The analyses were carried out at somewhat 
different concentrations in order to allow reproducible and/or differentiating 
measurements to be made using that method. Settling was measured at 2% w/v 
(20mg/mL) and rheology was measured at between 5 and 30% w/v (50 and 300 
mg/mL) depending on the solid (solid loadings used can be found in Table 4-2 page 
130) in order to allow sufficient structure for measurement to be carried out. These 
changes in concentration mean that as the surfactant was added as a function of the 
solid, rather than the solution, the level of surfactant free as monomer or micelles in 
solution will have varied between the tests.  
Notwithstanding the inherent problems with carrying out a direct comparison, it is a 
valuable exercise as observations found in one analysis may help with the 
interpretation of the effect seen in the other analytical tests.  
Lactose  
 In decane, the settling experimentation showed no observable effect of the 
surfactant added until 2.5%w/w surfactant was added at which point there is 
a sudden drop in sediment depth. This is in contrast with the effect seen by 
rheology, where a halving of the modulus occurs on the initial addition of 
surfactant.  
 In EtOAc with AOT both the settling data and rheology show a gradual trend 
on increasing surfactant, with the rheology reducing to about a quarter of its 
starting value, when 20%w/w has been added.  
With 12-HSA, both the rheology and settling show no obvious change in the 
behaviour of the lactose on addition of the surfactant. 
 In IPA, with AOT as the surfactant, the rheology shows a drop to a quarter of 
the starting level in the modulus, over the initial additions of surfactant, this is 
reflected in the settling data which shows after an initial decrease in settling 
the settling then again increases.  
With 12-HSA, as the surfactant, the settling data shows no change in 
behaviour across the range and the rheology shows a drop again by about a 
quarter, on the initial addition of the surfactant after which there is no 
significant change in the structure.  
Titanium dioxide 
 In decane, the settling data show a gradual change in behaviour up to 
1%w/w surfactant, with the settling decreasing after 1 hour from being totally 
settled to no settling being observed. After the 1% w/w addition no effect of 
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further surfactant is observed. The rheology data shows a gradual increase 
in structure throughout the additions, with a tenfold increase in the structure 
on the addition of 10%w/w surfactant.  
 In EtOAc, with AOT as the surfactant, settling showed no observable 
difference on the addition of surfactant. The rheology showed an initial rapid 
drop in modulus to about 1% the starting value. This was followed by an 
increase in the modulus at the 2.5%w/w surfactant and above.  
With Brij 35, the rheology showed a drop in modulus across the additions of 
surfactant, with the lowest value being about 1% of the starting value. The 
settling shows a small change in behaviour at 5 %w/w surfactant 
 In IPA, with AOT as the surfactant, the settling results show little change is 
observed until 10%w/w surfactant is added. This contrasts with the rheology 
where a drop to approximately a quarter of its starting value is observed in 
the modulus after the initial addition of surfactant.  
With Brij 35, the settling shows a similar effect to the observations made with 
AOT as a surfactant with no effect seen until 10%w/w surfactant is added. 
This is similar to what is observed in the rheology where a drop off in the 
structure occurs between 5 and 10%w/w surfactant.  
API D  
 In decane, the settling shows an initial increase in the sediment depth before 
dropping. This is reflected in the rheology, which after an initial increase in 
the modulus shown a drop to less than 10% of its starting value. 
 In EtOAc, with AOT, there was no obvious change in the settling, the 
rheology showed an initial increase tripling in modulus, before dropping to 
about a quarter of its starting value by the time 10% surfactant was added.  
With 12-HAS, there is no observed change in the settling rate, the rheology 
showed a gradual increase in of between four and five times in structure by 
the time 5%w/w surfactant had been added.  
 In IPA, the only change on addition of surfactant was observed in the 
rheology when 12-HSA was used, where there was an initial drop in the 
modulus by about two orders of magnitude, before a gradual increase to 
about half the initial value occurring.  
API E 
 In decane, the settling shows an initial decrease, followed by a gradual 
increase in settling although there is significant settling observed at all levels. 
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The rheology shows an increase in the structure observed, with the modulus 
increasing about three fold over the 10% w/w surfactant addition.  
 In EtOAc, rheology was not carried out as even at a high solid loading little 
structure was present. The settling showed no trends in behaviour on 
additional surfactant.  
 In IPA, with AOT as the surfactant, no change it was observed in the settling 
or rheology on additional surfactant being added. 
With 12-HSA, there was a jump in the modulus of the sample after the initial 
addition of surfactant after which point it remained fairly constant. No trends 
were observed in the settling.  
General observations 
The use of rheology where there was the same solid: surfactant ratio showed the 
rheological measurement to be more sensitive to changes in the level of surfactant 
at the lower levels.  
The settling and rheology data suggests that AOT is the most effective of the 
surfactants used at stabilising the suspensions i.e. reducing the effect of the 
attractive forces.  
As AOT is an ionic surfactant, where it can be reasonably assumed, that even 
where there is a very low dielectric constant, a level of ionisation will be present. 
There is the potential that changes in behaviour are a result of electrostatic 
repulsion. Electrostatic effects have also been reported where the surfactants are 
not ionised, therefore, it is worth considering if the changes in behaviour can be 
attributed to this in all cases. 
5.5 Electrophoretic mobility 
In order to see if the trends and observations made in the sedimentation and 
viscoelastic studies result from an electrostatic interaction the electrophoretic 
mobility of the samples was measured. As mentioned previously, there are 
significant difficulties in the measurement of electrokinetic parameters in low 
dielectric solvents. However, a number of studies (See Section 1.7.3.2 page ) have 
shown that the addition of charged surfactants allows electrostatic repulsion and 
have successfully measured the electrophoretic mobility (85).  
In order to achieve a reproducible electrophoretic mobility measurement, the solid 
concentration was required to be orders of magnitude lower than that which was 
used for both of the previous studies. Further to the problems of changing surfactant 
182 
 
concentration discussed in 5.4, it is not possible to easily measure the mobility of the 
particles with surfactant present, without the measurement of the micelles present 
as a result of the surfactant. As in organic solvents the CMC is very low, this 
interference will occur in all but the most dilute surfactant samples. In order to allow 
the analysis of the effect the surfactant was having on the solid, the surfactant 
concentrations were kept low. The levels as a ratio of solid to surfactant were 
comparable to the levels used in the settling and viscoelastic studies. In this way the 
trend in behaviour could be established, it is therefore not appropriate to directly use 
an electrophoretic mobility to explain the results. By extrapolation of the trends it is 
possible to suggest whether the electrophoretic potential is a possible cause of the 
changes observed in the behaviour of the suspensions.  
5.5.1 Electrophoretic mobility in decane 
Figure 5-13 shows the electrophoretic mobility and conductivity of each of the solids 
in decane with increasing levels of AOT in solution. 
The measured conductivity is significantly higher than that quoted in the literature for 
decane of 3.46 x 10-12 mS/cm (125). This difference is potentially a result of the 
solids in the system and the measurement limits of the Zetasizer. The conductivity is 
steady throughout the measurements made. However, this may not be a true picture 
as the conductivity is likely to be below the limits of what is accurately measured by 
the instrument. There is likely to be considerable error associated with the 
measurements, therefore, the data shown are the average of two measurements 
taken on two separate samples for each of the points, each of these in turn were an 
averaged value. The number of measurements taken for each sample was a 
minimum of that required to satisfy the software’s internal quality criteria, or a 
maximum of forty measurements.  
Considering the mobility of each of the solids in turn: 
 Where lactose is the solid there is no change in mobility with additional 
surfactant present.  
 Titanium dioxide has a near zero mobility with no surfactant. On addition of 
the initial surfactant there is an increase in mobility, this then drops off on the 
addition of further AOT. This is similar to the results found in a study of 
titanium dioxide in toluene (126). 
 API D shows the largest effect of surfactant on the mobility of the particles, 
with increasingly negative values on additional surfactant. This appears to 
stabilise above 0.01% w/v surfactant.  
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 API E is the least wetting in decane, and were therefore challenging to 
measure as the material tended to adhere to the surface of the cell.  This 
showed a near zero mobility with all of the levels of AOT.  
There is a variation in the charge on the samples, with most of the cases resulting in 
a positive charge, however with API D this is a negative charge. As discussed in 
1.7.3, the charge on a particle resulting from the addition of AOT is likely to result 
from acid base effects (79), changes in the nature of the particle will alter the sign of 
the charge measured. 
 
Figure 5-13. Electrophoretic mobility in decane. 
5.5.2 Electrophoretic mobility in EtOAc 
As with decane the measurement of conductivity of the solutions is very noisy, with 
all the surfactants used (Brij 35, 12HSA and AOT) (Figure 5-14 and Figure 5-15). 
The mobilities measured in this case are much greater than those measured in 
decane, this is to be expected as EtOAc has a dielectric constant three times higher 
than decane. There does not appear to be any correlation between the 
concentration of surfactant and the conductivity for any of the surfactants. The 
conductivity of EtOAc is in the order of 0.0004 mS/cm according to the safety data 
sheet (SDS) this similar to that measured by the ZetaSizer, indicating that the 
measurements made are reliable. 
The mobility measurements are again very noisy, there do however appear to be 
some trends.  
 For Brij 35 and 12-HSA all the mobilities are negative. 
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 Where lactose is the solid, the addition of both surfactants has the effect of 
reducing the mobility after the initial addition of surfactant. After the initial 
addition of surfactant the level of mobility remains fairly constant. The level of 
mobility after the initial addition is of greater magnitude where AOT is used. 
 The mobility of titanium dioxide with Brij-35 there is an apparent initial 
increase (more negative) in the zeta potential this then drops off back to a 
similar near zero value to where it started. Where AOT is used the mobility 
switches from negative to positive and shows a steady increase on the 
increasing level of surfactant. 
 API D shows similar behaviour to lactose with a decrease in mobility on the 
addition of both surfactants. With 12-HSA initially there is little effect of 
increasing levels of surfactant until 0.05% w/v surfactant is added where the 
mobility drops to a near zero value. In contrast the addition of AOT shows a 
gradual decrease in mobility before increasing again at 0.05% w/w addition.  
 With API E there is an increase in the mobility with additional 12-HSA. With 
AOT as the surfactant there is no apparent change in the zeta potential.  
 With the addition of anionic surfactants, it would be expected that the 
mobilities became more negative, rather than more positive. This behaviour 
is observed routinely when AOT is added in a non-aqueous system 
(43;77;78). Gacek and Berg (79) use an argument based on acid-base 
effects to explain the particle charging. 
 
Figure 5-14. Electrophoretic mobility in EtOAc with 12-HSA for lactose, API D and API 
E and Brij-35 for titanium dioxide added. 
185 
 
 
Figure 5-15. Electrophoretic mobility in EtOAc with AOT added. 
5.5.3 Electrophoretic mobility in IPA 
The conductivity of the IPA is quoted as 0.006 mS/cm in the materials safety data 
sheet for IPA, the measured data is between 6 and 10 times lower than this value. 
There is some variation in the measured conductivity between samples, this is likely 
to be the result of a number of different causes, for example, inaccuracy in the 
measurement, the presence of solids and differing levels of dissolved material. 
There is no apparent trend in change in conductivity when 12-HSA and Brij 35 are 
added. However a strong trend is observed when AOT is the surfactant. When the 
surfactant is present above the CMC the measurement of the electrophoretic 
mobility will also include a component resulting from the micelles. Also as a result of 
the presence of surfactant at the surface of the particle, the location of the measured 
potential will have moved further from the particles surface.  
 Lactose shows very little change in mobility with increasing levels of 12-HSA. 
It appears there may be a change in charge from negative to positive. With 
AOT as the surfactant the mobility becomes progressively more positive 
towards as more surfactant is present.  
 Titanium dioxide shows no obvious trend when Brij 35 is the surfactant. With 
AOT as surfactant an increase in negativity in mobility is observed this then 
switches to a positive value at 0.025 %w/v.  
 API D shows no apparent effect of 12-HSA with the mobility remaining very 
slightly negative throughout the range investigated. There appears to be a 
small decrease in the mobility of API D on addition of AOT remaining slightly 
negative throughout, however this change is within the error of the 
measurement and therefore may not be a real trend.  
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 API E as with API D shows no significant change in the mobility on additional 
12-HSA. With AOT as a surfactant the mobility is reduced on increasing 
levels remaining negative throughout.  
 
Figure 5-16. Electrophoretic mobility (solid lines) and conductivity (dotted lines) in IPA 
with 12-HSA for lactose, API D and API E and Brij-35 for titanium dioxide added. 
 
Figure 5-17. Electrophoretic mobility (solid lines) and conductivity (dotted lines) in IPA 
with AOT added. 
The level of success in measuring the electrophoretic mobility varied depending on 
the solid in the system. It appeared that the nature of the solid is more important to 
the effective measurement of electrophoretic mobility than the solvent being used 
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5.5.4 Theoretical interaction calculations 
As in Chapter 4, DLVO curves and stability ratio were calculated for the suspensions 
above. It was found that they did not aid the analysis of the viscoelastic and 
sedimentation results any further than the electrophoretic measurement, from which 
the zeta potential, electrostatic repulsion and ultimately DLVO interaction are 
derived. The results of the calculations are presented in Appendices B, C, D and E 
should they be of interest to the reader.  
5.5.5 Discussion 
The electrophoretic mobility measurements (Figure 5-13 to Figure 5-17) in all of the 
solvents investigated had large distributions as discussed in 3.3.10. The 
reproducibility of the measurements taken at the same time, was however 
reasonably low. On average the difference between replicates was in the region of 
20% of the measured value. The actual error on each measurement is displayed in 
the figures. It appears that the use of AOT in all the solvents has a greater effect on 
the electrophoretic mobility than either Brij-35 or 12-HSA. This should probably be 
expected, as AOT is likely to be easier to ionise than 12-HSA, as is shown by the 
lack of any change in the conductivity where this was used as a surfactant, where a 
change for AOT was observed. This suggests that the effect of increased 
conductivity and ionisation as a result of the presence of non-ionised or non-ionic 
surfactant micelles as discussed in 1.7.3.2 as a far lower effect than ionised 
surfactant. 
The inability to measure any change in the charge of the surfactant solutions in 
decane and ethyl acetate is likely to be a result of the inability of the solvents to 
support the ionisation of the surfactants to a measureable degree. It is likely the 
conductivity was too low for effective measurement and at higher surfactant 
concentration ionisation would become possible within the micelles that are present, 
when they are present at a high enough level. 
Comparison of the trends observed in the electrophoretic potential and both the 
settling and rheology work show little correlation. In most cases there was either 
very little change or a drop in magnitude of the electrophoretic mobility. The 
rheology and settling suggest that the structure of the samples is being reduced, 
suggesting an increase in the repulsive force. These results indicate that a 
significant portion of the change observed in the behaviour is likely to be a result of 
steric repulsion rather than electrostatic effects. 
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In this work, a number of different scenarios are visited by the use of a range of 
different solvent and solid combinations. Consideration of the behaviour of the 
surfactants, with ionic or polar and non-polar parts in water, results in a relatively 
simple situation. After migration of the surfactant to the surface of the particle, then, 
 if the solid is hydrophobic, the surfactant will lay itself across the surface of 
the particle with its polar portion protruding from the surface.  
 Where the surface is hydrophilic there will be competition for relation of the 
polar region between the particle and the water.  
The second situation is similar to what we are likely to see in the hydrophilic 
compounds (lactose, titanium dioxide, and API E) investigated in the work presented 
here. 
There are a number of options that could be considered with the orientation of the 
surfactant molecules.  
1. Very low dielectric solvent with hydrophilic particle surface. Here the non-
polar tail will preferentially situate itself into the non-polar solvent. As the 
particle surface is hydrophilic it will therefore preferentially associate with the 
surface (as shown in Figure 5-18a). This is the exact inverse of the situation 
that exists with water and a hydrophobic surface.  
2. Very low dielectric solvent with a hydrophobic particle surface. In this 
situation there will be a competition for association with the non-polar region 
of the molecule (as shown in Figure 5-18b). Again this is the inverse of what 
is observed in the situation that exists with water.  
 
Figure 5-18. a. orientation of surfactant molecules where the surface of the solid is 
polar and the solvent is non-polar. b. orientation of the surfactant where both the 
solvent and surfactant are non-polar. 
In these situations the comparison with water systems is relatively straightforward as 
the arguments mirror those for aqueous systems. The remaining situations will exist 
in an intermediate position, with the orientation of the surfactant molecules being 
less clear from just consideration of their hydrophilic and hydrophobic regions. 
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3. Consider the case of a moderately hydrophobic surface, in a system where 
the solvent has similar properties we will see competition for the polar and 
non-polar portions. Neither having a particular energy penalty for having a 
particular orientation.  
This is not likely to be the situation for micelles, which will preferentially form reverse 
micelles as a result of the presence of water in the systems.  
As discussed previously the surface of the particles is not homogenous, therefore 
where an intermediate position exists for the solvent it is possible that different 
situations occur for each of the surfaces of the particle.  
The presence of AOT has the effect of increasing the value of the electrophoretic 
mobility i.e. if the value was negative then the value would become less negative 
and potentially become positive and in the case of a positive mobility the value will 
become more positive. This is the case for all of the suspensions in IPA and ethyl 
acetate. In aqueous systems AOT has a negative value (67), as discussed 
previously this change in charge has been reported previously (5.5.2), it is 
suggested that the effect is a result of acid-base effects (79). The one significant 
exception to this rule is API D in decane, in this case there is a decrease in the 
electrophoretic mobility. 
A range of different phenomena were observed in relation to the suspensions that 
have been investigated in this study. Considering mechanistically to what is 
potentially occurring: 
 Depletion flocculation. 
 Increase in ionic strength resulting in a decrease in the electrostatic 
repulsion between the particles.  
 Stabilisation by steric repulsion 
As the surfactants were selected on the basis of those which dispersed the particles 
well and flocculation was not observed on addition of the surfactant, it would seem 
unlikely that depletion flocculation is the cause of any change in stability.  
In the case of IPA, there is a plausible argument that significant electrostatic 
repulsion is occurring, the addition of AOT alters the ionic strength of the 
suspension. The increase in ionic strength reduces the Debye length, therefore 
moving the position of the secondary minimum. Coupled with the movement of the 
secondary minimum closer to the particle is an increase in its depth, increasing the 
probability that a significant portion of the particles to lie within it. As the repulsive 
barrier to agglomeration is at a lower distance from the particle, the volume of liquid 
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for the samples to move within is increased. In other cases such as samples in 
decane, in most cases these samples are flocculated, the presence of the surfactant 
results in a decrease in this flocculation, this is potentially a result of a twofold 
change; 
1. Steric repulsion between particles disrupting the flocculation. 
2. The addition of surfactant both ionic and non-ionic will change the ionic 
concentration of the suspensions. This will be significantly larger in the case 
of ionic surfactant than with non-ionic surfactant. This change will alter how 
the particles interact, by changing the distance from the particle of 
secondary minimum and energy barrier. 
The steric repulsion coupled with the movement in the location of the secondary 
minimum may mean it is no longer energetically favourable to occupy this space. 
5.6 Conclusions 
The addition of AOT results in a measurable increase in the conductivity of IPA 
solutions, this effect was not seen when Brij-35 and 12-HSA were used. While this 
effect was not observed in EtOAc and decane it is likely that a similar effect is 
observed but below the limits of the measurement technique.  
AOT was more effective as a surfactant in most cases when compared with the 
other surfactants investigated. The use of this surfactant in the suspensions is likely 
to allow significantly more concentrated suspensions to be accessed and therefore 
an increase in the efficiency of any milling or spray drying process that is developed. 
Viscoelastic measurements appeared to be more sensitive at the lower levels of 
surfactant added, in comparison to the sedimentation experiments.  
Little correlation between the electrophoretic mobility and the macroscopic 
behaviour as measured by sediment depth and oscillatory rheology measurements. 
5.7 Summary 
In this chapter, the effect of surfactant on the sols selected for investigation in 
Chapter 4 has been investigated. A screening of surfactants was carried out in order 
to identify those which appeared to be having a stabilising effect of the sols. These 
systems were then taken forward for further investigation.  
The addition of surfactant has resulted in a range of different effects on the sols 
investigated. It was apparent that in the systems a number of different mechanisms 
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were causing changes in the behaviour of the sol simultaneously. The cause of 
these mechanisms has been discussed.  
The results found in this chapter will now be considered in conjunction with the 
output of Chapter 4 and the effect of the combination of surfactant and water on the 
sols will be investigated. 
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6 The effect of surfactant on the impact of 
water 
6.1 Introduction 
This chapter focuses on the experimental work investigating if surfactant can be 
used to stabilise a system against the effect of water. In this chapter the settling rate 
was measured across the combinations of solid, solvent, surfactant and water 
investigated in previous chapters. Rheology was performed only on those systems 
where water appeared to be having an effect (See Chapter 5). As with Chapter 5, 
settling and rheology will first be considered. Electrophoretic mobility data are then 
presented, in order to understand if changes in this can be used to help explain the 
changes observed in the macroscopic behaviour.   
6.2 Sedimentation 
The sedimentation of the full range of suspensions investigated previously were 
again investigated in this section. This method was chosen to assess all of the 
suspensions as the material and experimental time requirements are relatively low. 
Therefore, it was decided that it would be of interest to investigate all of the systems, 
rather than those where water had previously shown a large effect. 
Sedimentation was investigated for all of the different systems at a range of 
concentrations of surfactant. The data presented in this chapter is a comparison of 
the addition of water to samples with 10% w/wAPI surfactant and no added 
surfactant. In order to ensure comparable results, samples were made up by 
dispersing the samples before subdividing for the addition of surfactant. The 
samples were then agitated overnight in order to allow equilibration to occur.  
As described in 3.3.11 the normalised sediment depth has been calculated from the 
fraction of sediment depth divided by total liquid depth. In this way, sample showing 
little or no sedimentation will have a value approaching 1, the lower the number the 
more sedimentation has occurred.  
6.2.1 Lactose 
Figure 6-1 shows the effect of water on the settling of lactose in various solvents 
with surfactant added at 10 %w/wAPI. The graph shows a normalised sediment 
depth, the closer the number to one the less sedimentation has occurred. Looking at 
the solvents in turn, the following observations can be made:  
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 In decane, with the addition of AOT, the effect of water was considerably 
reduced. Visually there was less tendency for the lactose to adhere to the 
surface of the vial. While it is not obvious from the numerical analysis, the 
samples appeared far less flocculated prior to the water addition, on addition 
of the water though, the suspension appeared to be far more viscous than 
before. 
 In EtOAc the impact that water has does not appear to have been altered by 
the presence of AOT. The lines appear to follow similar trends as without the 
surfactant but with a different magnitude. 
 In IPA, as with EtOAc, there does not appear to be a noticeable effect of 
surfactant on the trend. However, with AOT, after the initial addition of water, 
settling jumps to a similar level to that seen without surfactant and with 12-
HSA as a surfactant.  
 
Figure 6-1. The effect of water on the settling of 2%w/v lactose with surfactant at 10% 
w/w. The sediment depth has been normalised. A value of 1 indicates no 
sedimentation has occurred, values close to 0 indicate a large amount of 
sedimentation.  
6.2.2 Titanium dioxide 
Figure 6-2 shows the effect of water on the settling of titanium dioxide in various 
solvents with surfactant added at 10 %w/wAPI. Looking at the solvents in turn: 
 In decane, change is far more pronounced with the surfactant present, 
without water present the colloid remains relatively well suspended. 
However, as soon as water is added to the system, the sediment depth 
drops to well below that of the system where there was no surfactant 
present. This difference can be attributed to a change in how the system is 
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flocculated. Where there is no surfactant present on addition of water, a 
large amount of flocculation could be visually observed. After addition of the 
surfactant, the system was visibly less flocculated when the water is added. 
This lower level of flocculation allows the cake to pack much more densely 
and therefore resulting in a lower depth. At the highest level of water, there is 
a significant increase in the sediment depth. This matches a significant 
thickening of the suspension. 
 In EtOAc, the trends are similar with and without surfactant present, 
especially where Brij 35 is the surfactant. Where AOT is the surfactant, there 
is no apparent difference between systems until more than 0.25% water is 
added. At this point, where AOT is the surfactant, the sediment depth 
appears unaffected by the increase in levels of water. Whereas, without the 
surfactant, there is a small increase in sediment depth. This is likely to be the 
result of slight changes in flocculation, although this was not visually 
apparent.  
 In IPA, the addition of water has little effect when there is no surfactant or 
when Brij 35 is present as the surfactant. An interesting effect in this case 
occurs with AOT where there is a significant drop in the sediment depth. 
There is no apparent change in flocculation between the samples. However, 
this could be the result of a compression of the double layer resulting in a 
decrease in the effectiveness of the repulsion between particles. This is 
unlikely to occur with the other solvent systems as even, with the presence 
of AOT, it is unlikely that there are enough ions present to sufficiently reduce 
the double layer.  
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Figure 6-2. The effect of water on the settling of 2%w/v titanium dioxide with 
surfactant at 10% w/w. The sediment depth has been normalised. A value of 1 
indicates no sedimentation has occurred, values close to 0 indicate a large amount of 
sedimentation. 
6.2.3 API D 
Figure 6-3 shows the effect of water on the settling of API D in various solvents with 
surfactant added at 10 %w/wAPI. Looking at the solvents in turn: 
 In decane, there was little observable difference in the behaviour of the 
settling with additional water. The major difference between the samples was 
the adhesion to the sides of the vessel, which was reduced when AOT had 
been added. However, of all the solids investigated this was least 
problematic with API D.  
 In ethyl acetate and IPA, there was no observable change in the settling of 
API D between samples with or without surfactants. This suggests the 
surfactant is not having a significantly positive or negative effect on the 
behaviour.  
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Figure 6-3. The effect of water on the settling of 2%w/v API D with surfactant at 10% 
w/w. The sediment depth has been normalised. A value of 1 indicates no 
sedimentation has occurred, values close to 0 indicate a large amount of 
sedimentation. 
6.2.4 API E 
Figure 6-4 shows the effect of water on the settling of API E in various solvents with 
surfactant added at 10 %w/wAPI. Looking at the solvents in turn: 
 In decane, with AOT present, there is very little change in the behaviour of 
the sol. A small drop in the sediment depth is observed with the increasing 
water levels. Whereas, without the AOT, there is a jump in the sediment 
depth when 0.25 %v/v water was added.  
 In EtOAc, AOT has no apparent effect on the behaviour of the sol. When 12-
HSA is used as a surfactant, there is a slight increase in the sediment depth 
at 0.25%v/v water which then drops again at 0.5, while this is outside the 
normal error observed, this result appears to be anomalous. By 1%v/v water 
addition, the depth has returned to the same level as seen with the other 
samples. This may be a result in a small, not visually observable, change in 
the flocculation behaviour of the sol.  
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Figure 6-4. The effect of water on the settling of 2%w/v API E with surfactant at 10% 
w/w. The sediment depth has been normalised. A value of 1 indicates no 
sedimentation has occurred, values close to 0 indicate a large amount of 
sedimentation. 
6.3 Oscillatory rheology measurement 
In this section, the viscoelastic behaviour of lactose and API E systems was 
investigated. Lactose was investigated in decane and EtOAc and API E was 
investigated in decane. These combinations were selected as they showed the most 
significant effect on addition of water and therefore any effect of the surfactant would 
be highlighted. While up to this part of the study titanium dioxide has been used as 
an inorganic to compare the effect on the organic sols, titanium dioxide was not 
selected although it has shown a significant effect on the addition of water, as the 
main aim of the study is to understand the effect on organic rather than inorganic 
solids.  
The solids concentration was increased for the lactose measurements compared to 
those made in Chapters 4 and 5 as the addition of surfactant reduced the modulus. 
Therefore, in order to ensure the measurements were made in a region that was 
well within the instrument capabilities that the concentration was increased. Material 
availability prevented the possibility for increasing the concentration of API E. Again, 
in order to achieve reproducible measurements for both the sedimentation and the 
rheology, different concentrations were used between the two. This means that 
direct comparison of results is challenging. As discussed in 5.4, the addition of 
surfactant was calculated on the basis of w/w of API for both studies rather than w/v 
solvent. This was considered more appropriate, as the aim was to maintain similar 
surface coverage. It would have been practically very difficult, if possible at all, to 
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maintain both the surface coverage, and the solvent concentration of surfactant, 
between the two concentrations of solid. 
As in previous chapters, the storage, loss and complex modulus in the LVR 
presented are found from calculating the average value measured within that region. 
The critical stress is taken to be the end of the LVR at the point of inflection. The 
crossover of the storage and loss modulus in the amplitude sweep has also been 
used to assess the change in the strength of the structure. A more detailed 
explanation can be found in 3.3.12.2. 
6.3.1 Lactose 
Figure 6-5 shows the complex modulus in the LVR for increasing levels of water in 
10% w/w lactose suspended in decane and EtOAc with 1% w/w surfactant added. 
Further data on the critical stress, loss modulus and storage modulus can be found 
in appendix K. 
 
Figure 6-5. Summarised data for the complex modulus in the LVR when water was 
added to suspensions of 1% w/w surfactant in 10%w/v suspensions of lactose in a 
decane and EtOAc. 
In decane. The preparation of the lactose in decane samples and application onto 
the rheometer showed that the initial measurement was repeatable and confirmed 
homogeneity of material. After water addition, flocculation was visible, the sample 
appeared much thicker and no longer showed the same degree of spreading on the 
base plate. However, both the oscillatory amplitude and frequency measurements 
shown in Figure 6-5 and Figure 6-6, do not reflect the change in properties observed 
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in the bulk sample. The change measured is much lower than that observed without 
the surfactant present (see Section 4.5.3 page 132 and appendix E). It appears that 
the surfactant has effectively lowered the impact water has on the behaviour of the 
colloidal system.  
 
Figure 6-6. Oscillatory Frequency Sweep. Squares show no added water, triangles 
show 0.03%w/v added water, circles show 0.07%w/v added water, diamonds show 
0.15%w/v added water, upside down triangles show 0.25%w/v added water, crosses 
show 0.37%w/v added water. 
In EtOAc. There was no visible change in the appearance of these samples. There 
appears to be an increase in the strength of the structure with additional water as 
well as an increase in the stiffness.  
As can be seen in Figure 6-4, there is very little change over the initial 3 samples, up 
to 0.2% water. Above this level, there is a gradual increase in the modulus, 
indicating an increase in the stiffness of the structure. The critical stress shows a 
similar behaviour, suggesting the strength of the structure shows a similar trend to 
the stiffness. When there was no surfactant (see Section 4.5.3, page 132 and 
appendix E) present, the addition of water, after showing an initial increase in 
modulus then caused a drop. Visual observations showed that this was associated 
with the aggregation of some of the lactose, resulting in a drop in the effective 
concentration (Figure 4-15). Here it can be seen that this phenomenon is not 
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observed, suggesting the surfactant has successfully stabilised the sol to 
catastrophic effects of water contamination. 
With 12-HSA as a surfactant, again, as with AOT, little change was observed with 
the increased levels of water.  
6.3.2 API E in Decane 
As was observed with lactose in decane containing AOT, the appearance of the 
suspension changed on addition of water. The system became visibly thicker, 
forming a lose matrix. Figure 6-7 shows the rheological trends with increasing levels 
of water for API E in decane with AOT present at 1% w/wAPI. The visual 
observations appear to be supported by the rheological data with a small increase in 
the observed stiffness of structure observed on the initial addition of water. There is 
a jump on the initial addition of water, then followed by a gradual increase until 
between 0.5 and 0.6% water. After this point, there is a decrease in the stiffness of 
the structure. There is an offset between what is seen in the stiffness and the 
strength of the structure. Here, there is initially a significant increase in the strength 
of the structure, after about 0.1% water this strength then drops back to a level 
similar to the starting point. 
 
Figure 6-7. Summarised data for the complex modulus in the LVR when water was 
added to a suspension of 1% w/w surfactant in 10%w/v suspensions of API D in 
decane. 
6.4 Electrophoretic mobility 
In order to help establish the level to which electrostatic properties have an effect on 
the changes seen in the behaviour of the suspensions, the electrophoretic mobility 
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has been investigated. As previously (see 5.5), it is not possible to directly compare 
these results with those for settling and viscoelastic properties as they wascarried 
out at different concentrations. The electrophoretic mobility measured here will be a 
combination of that of the particles present in suspension, as well as the micelles. 
The concentration used for the surfactant has been kept as low as possible, in order 
to observe and effect, but with the intention that the mobility of the particle will 
dominate over that of the surfactant. 
The effect of water on samples containing 0.05% w/v surfactant on electrostatic 
mobility was measured on all of the sample combinations. The aim was to assess 
the impact of water on the surfactants ability to stabilise surfaces via an electrostatic 
effect. The presence of water in the surfactant systems is important to the 
electrophoretic mobility of the particles as the presence of water affects both the 
CMC and the ability of the solvents to support ionisation. The presence of water is 
known to reduce the CMC in organic solvents. This is discussed in 1.4.3. 
6.4.1 Electrophoretic mobility results 
The impact of water on the electrophoretic mobility of the different sols will now be 
considered in turn. 
Figure 6-8 shows the effect of water on suspensions in decane with AOT added as a 
surfactant. In this case, the decane was used either as supplied or saturated with 
water prior to the preparation of the samples. The samples were prepared in this 
way as the miscibility of the decane with water is very low. This approach prevented 
the formation of a biphasic mixture of solvent and therefore an unequal separation of 
AOT between the phases. An interesting observation across samples is that the 
error associated with the measurement of the mobility is significantly reduced where 
the decane is saturated with water. While it is not possible to identify trends from two 
samples, it appears that water does not have an effect on the behaviour of lactose 
and API E, but a difference can be observed with both titanium dioxide and API D. 
The largest difference is seen with API D. This material is the most hydrophobic of 
those considered which would initially appear counterintuitive. However, with 
hydrophobic surfaces, far less water will be present on the surface of the particles 
than with the other material. Therefore, less water will be added to the decane on 
sample makeup. The presence of a higher level of moisture on the lactose and API 
E may therefore mask any change in the addition of further water.  
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Figure 6-8. Mobility of solids in decane with 0.05%w/v AOT with dry and saturated with 
water. 
For the remainder of the samples, a single preparation of a suspension was carried 
out. Water was then added into the suspension at increasing levels in order to 
change the amount of water in the system.  
Figure 6-9 shows the mobility in EtOAc with Brij 35 where titanium dioxide is the 
solid and 12-HSA in all other cases added to the solution. The addition of water 
appears to result in a small decrease in mobility for all solids with the exception of 
API E where an increase in the magnitude is observed. Again, as was seen with 
increasing levels of surfactant, there was no apparent trend in conductivity. This 
suggests that in all cases other than API E, the addition of water will decrease the 
level of electrostatic repulsion that is occurring. It is probable that the conductivity of 
the solution has actually increased with the additional water increasing the capacity 
of micelles to carry charge. It is therefore plausible that, even with a lower surface 
charge, the effect of this charge may have increased as a result of the compression 
of the double layer.  
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Figure 6-9. Mobility and conductivity of solids in EtOAc with, 0.05% w/v Brij 35 for 
titanium dioxide and 12-HSA in all other cases, with increasing levels of water. 
Figure 6-10 shows the effect of water on mobility where AOT has been used as the 
surfactant in EtOAc. Changing the surfactant to AOT, has the effect of changing the 
charge measured on the particle compared to Brij-35, and 12-HSA. With this 
system, there is more diverse behaviour. Therefore, each of the solids will be 
discussed in turn: 
 The electrophoretic mobility of lactose is increased by the addition of water 
to the system up until about 0.25%v/v water. At this point, there is little 
further change, except for potentially a small reduction in the mobility.  
 Titanium dioxide shows the inverse behaviour to lactose in that there is little 
change observed in the mobility until 0.25% water was added. After this 
point, a decrease in mobility can be observed.  
 API D shows similar behaviour to lactose. However, with the opposite 
charge, there is a consistent reduction in the mobility until about 0.25 %v/v 
water is added and at this point no further change is observed.  
 API E shows the largest change in mobility with the magnitude dropping 
across the full range investigated.  
The effect of water appears to be far more significant where AOT is the surfactant 
rather than Brij 35 or 12-HSA. This would be expected as the presence of water is 
likely to improve the ionisation of the surfactant.  
204 
 
 
Figure 6-10. Mobility of solids in EtOAc with 0.05% w/v of AOT with increasing levels 
of water. 
Figure 6-11 shows the effect of 12-HSA and Brij 35 on the mobility in IPA with 
increasing levels of water. In most cases, there does not appear to be a visible trend 
in the conductivity of the solution other than where API E is the solid. In this system, 
the conductivity is measuring significantly higher than in the other cases in which the 
conductivity is fairly consistent.  
 There does not appear to be a measurable effect of water on the mobility of 
lactose. 
 The largest change in mobility is observed with titanium dioxide where there 
is a gradual increase in magnitude of the mobility on increasing water levels.  
 With API D, a step change in mobility is observed at 0.1% v/v water. After 
which point, the mobility remains fairly constant.  
 With API E, the additional water has little impact until there is over 0.5%v/v 
water added where a drop is observed.  
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Figure 6-11. Mobility of solids in IPA with, 0.05%w/v Brij 35 for titanium dioxide and 
12-HSA in all other case with increasing levels of water. 
Figure 6-13 shows the change in mobility when water is added to suspensions 
containing AOT in IPA. Here the conductivity shows a consistent increase on 
addition of water across all samples. This increase in conductivity will have an effect 
on the size of the double layer. Figure 6-12 shows the compression of the double 
layer on the increase in ion density. While the range over which the double later will 
have an effect is reduced, the energy required to overcome the repulsive force will 
be much greater. Therefore, as long as the double layer compression is not as great 
as to result in the repulsion acting over a shorter range than the attractive forces, the 
stabilisation will be more effective.  
 
Figure 6-12. Compression of the double layer as a result of increased ion 
concentration. This results in repulsion occurring over a shorter range, but overlap of 
the layers results in a greater force owing to the increased ion density.  
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Again in this case the change in surfactant has impacted the sign of the mobility 
measured when compared to those measured with Brij 35 and 12-HSA. Considering 
each of the solids in turn: 
 Lactose shows a gradual decrease in mobility. The value at 0.2% water 
appears to be an outlier in the data. At levels above 0.3% v/v water, the 
mobility appears to level out.  
 Titanium dioxide shows a gradual increase in mobility on additional water up 
until 0.5% v/v water is present at which point there is no further change 
observed.  
 API D and E show little change in the magnitude of the mobility throughout 
the water addition.  
As with the suspensions in EtOAc, it appears that when AOT is the surfactant, there 
is more of an effect observed on additional water than with the other surfactants.  
 
Figure 6-13. Mobility and conductivity of solids in IPA with 0.05% w/v ionic surfactant 
AOT with increasing levels of water. 
6.4.2 Theoretical interaction calculations 
As in the previous chapters, DLVO and the stability ratio were calculated for the 
suspensions above. It was found that they did not aid the analysis of the viscoelastic 
and sedimentation results any further than the electrophoretic measurement, from 
which the zeta potential, electrostatic repulsion and ultimately DLVO interaction are 
derived. The results of the calculations are presented in Appendices B, C, D and E 
should they be of interest to the reader.  
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6.5 Discussion 
The behaviour of water in these different systems is likely to be highly dependent on 
the system and vary significantly from system to system. There are a number of 
possible different ways in which the water could affect the solution.  
1. In non-aqueous solutions the presence of water is known to reduce the CMC 
of the surfactant (74). Therefore the presence of additional water is likely to 
alter the way in which the micelles are formed.  
2. The presence of a larger amount of water could “swell” the micelles and 
enable them to carry a larger charge. As the charge on the micelles will be 
included as part of the electrophoretic mobility measurement, changes to this 
charge will be included in any measured values.  
3. Surfactant molecules adsorb onto the particles to have an effect on the 
stability of the system. Their orientation is dependent on the nature of the 
surface and solvent being stabilised. Figure 6-14  shows a diagrammatic 
view of the possible orientations.  
a. In systems where the polar head group is oriented towards the 
particle, it is possible that water could preferentially sit between the 
particle itself and the polar head of the surfactant. This would have 
some potentially interesting effects on the particle. If there was a 
localised concentration of water on the surface on the particle, it may 
be possible for greater ionisation to occur than would be expected in 
the bulk.  
b. In systems where the non-polar tail is adsorbed onto the surface of 
the particle, the polar head group would be sticking out into the bulk 
solution. Water could be preferentially located in the head groups. 
This would not aid the ionisation of the surface of the particle.  
c. A third option is the presence of a bilayer of particles with the polar 
heads orientated towards the centre of the bilayer. In this case it 
would be possible for water to collect in the centre of the bilayer.  
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Figure 6-14. Location of water where a. polar head groups are adsorbed at the surface. 
b. hydrophobic tail is adsorbed to the surface. c. a bilayer is formed. 
4. Additional water is collected into the micelles, swelling these enabling a 
greater degree of ionisation to occur in the solution.  
It is therefore worth considering each set of systems in turn.  
First considering the solutions in decane, the water is essentially immiscible. The 
difference in the amount of water in the wet and dry solutions is therefore likely to be 
small, especially where the surfaces of the particles are highly water wettable and 
will therefore add significant amounts of water to the solution. The surfactant 
molecules are likely to locate themselves with polar head end toward the particle. In 
order for the water in this system to not segregate itself and settle on the bottom of 
the solution, the water needs to be trapped elsewhere, either in the micelles or in 
some way trapped at the surface of the hydrophilic particles.  
Considering first the behaviour of the rheology samples, in the first case 0.4% water 
was added to the solution and, in the second case, approximately 0.9% water was 
added. In neither case was a separate water phase observed. In both cases there 
was an increase in the observed modulus suggesting and increase in the stiffness of 
the  structure of the solution on addition of water. Visually this appeared to result in 
flocculation. Looking at the settling of the same systems, in both cases the change 
in the sediment depth after addition of the surfactant was significantly reduced 
compared to the case where no surfactant had been added.  
In neither of these cases was the electrophoretic mobility significantly affected by 
the addition of water. This suggests that the observed changes are not a result of 
changes in the electrostatic behaviour of the systems. A potential explanation for the 
apparent divergent behaviour of the settling samples and the rheology samples is a 
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result of the differences in the concentration. The scenario summarised in Figure 
6-15 is proposed. The water locates itself both at the surface of the particles 
between the particles or between lipid bilayers, if the system is far enough above the 
CMC; if such a setup is present, water is likely to be present both at the surfactant 
molecule and at the centre of the micelles. This has the result of effectively swelling 
the particle, again resulting in a larger volume fraction being taken up. In the case of 
the settling samples, the volume fraction is sufficiently low that this has a negligible, 
if any effect. When the samples are allowed to settle, the mobile nature of the 
micelles associated with the surface allow a tighter packing of the sediment. In the 
case of the rheology samples, the swelling results in an interaction between the 
surfactant molecules on the surface of the particles are well as the micelles in 
solution. This results in an interaction between them. When the water level is further 
increased the volume inside the area surrounded by the surfactant must increase, at 
which point the system will start to coagulate forming aqueous bridges between the 
particles thus reducing the structure measured in the bulk solution.  
 
Figure 6-15. The effect of water on different concentrations of suspension. a. at low 
concentration with low water. b. at low solid concentration with higher water level. c. 
with high solids load and high water content. 
Second, considering the solutions in ethyl acetate, these systems are likely to be 
more divergent in their behaviour dependent on the surface properties of the particle 
in balance with the solution properties. Therefore, depending on the nature of the 
particle, the surfactant may preferentially locate itself with either its hydrophobic end 
adsorbed to the particle or interacting with the EtOAc.  
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In the case of lactose, the surfactant is likely to adsorb in a similar way to the system 
in decane. In this case, the rheological behaviour diverged significantly from that 
observed with the decane, suggesting that the system then behaves differently on 
addition of water. As EtOAc is partially miscible with water, the need for the water to 
be trapped inside micelles is removed, therefore the same level of swelling is not 
required. The addition of surfactant to the samples does not appear to change the 
effect of the addition of water on the settling samples. In the Rheology samples, it 
appears that there is some change in behaviour as a result of the addition of water. 
There is however no obvious trend in behaviour where 12-HSA was used. This has 
been shown to be a less effective surfactant previously. Therefore, it could be 
anticipated that there is a larger amount of free surfactant in solution likely to be 
present as micelles rather than at the surface of the particles. The addition of water 
in this case will result in a greater amount of water being collected into the micelles, 
thus reducing the effect is has on the behaviour of the particles. AOT is a more 
effective surfactant and, in this case, similar behaviour to that seen in decane is 
observed. Visually, less flocculation was observed. However, there is a clear 
increase in the structure, which is potentially a result of the same processes as seen 
in decane.  
Finally where IPA was the solvent, this is the only system where water appears to 
have a significant effect on the solution in terms of electrostatics. There is a clear 
trend of increasing conductivity of the solution when water is added in all cases. This 
indicates that there is an increase in the ions present in solution and therefore any 
double layer which is present could potentially be compressed to form a layer with 
sufficient ions to result in recognisable repulsion. There is no apparent change in the 
effect of water in most cases on the settling in IPA. This could be a result of the 
change in ion concentration not being sufficient to result in an observable difference, 
or reduction, in the surface charge of the particles. Any increase in the ion density is 
thus negated by the reduction in ions generated to start with.  
6.6 Conclusions 
The electrostatic effect observed when water was added to sols without surfactant 
was not observed when surfactants are present in the solution.  
It appears that Brij-35 and 12-HSA stabilised the sols against the effect of water 
more effectively than AOT. 
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6.7 Summary 
There is a complex picture present when the effect of water on the behaviour of the 
sols with surfactants is considered. In this chapter the behaviour of the full range of 
systems was considered in terms of electrophoretic mobility and settling. Rheology 
was only investigated where water was shown previously to have a significant effect 
on the behaviour of the system. A map of the feasible interactions taking place has 
been proposed to provide a rationale for the three types of behaviour of the systems 
observed.  
It was found that AOT was more effective as a surfactant and was more affected by 
the addition of water than Brij 35 and 12-HSA. The electrophoretic mobility did not 
appear in most cases to be significantly affected by the addition of water. The 
rheology showed that in decane there was still a significant effect of water. It also 
appears that while 12-hydroxyoctadecaoic acid was a less effective surfactant, it 
resulted in the effect of water being reduced further than with AOT.  
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7 Summary of Conclusions and Further work 
In this section the conclusions from the overall work have been summarised and 
linked to the project objectives. Potential areas for further work are proposed, where 
potentially interesting phenomena were observed. 
7.1 Summary of Conclusions 
As discussed in Section 1.9 there were a number of objectives of this study. In this 
section these have been broken down and the conclusions from each summarised. 
Detailed discussion of the conclusions is contained in Chapters 2, 4, 5 and 6. 
7.1.1 Build an understanding of the key factors that affect the behaviour of 
pharmaceutically relevant colloids.  
The main contributing factors influencing the behaviour of the sols were identified by 
DoE in Chapter 2. The factors studied were selected by way of a literature study, 
using factors shown to have an effect from equations, and shown to affect the 
behaviour of organosols (inorganic solids in organic solvents). This work showed 
that there were significant interactions between the solvent, solid, surfactant and 
water. Factors shown to be important were: 
 Solids concentration: Solids concentration is of key importance as this 
affects the interparticle distance and therefore the distance over which 
interactions take place. It was not investigated directly in this work, but the 
effect solids concentration had was used to enable the investigation of the 
suspensions via a number of different measures, for example to increase the 
structure present to allow reproducible oscillatory rheology measurements.  
 Solvent: In polar solvents the electrostatic repulsion is important in the 
behaviour observed in the system. It was possible to see the effects of water 
on electrophoretic potential cause changes in the suspension behaviour.  
In low dielectric constant solvents miscibility of the solids was limited, the 
solids, particularly those which were water wetting, tended to adhere to the 
edges of the vials. This becomes particularly problematic where water was 
present in the system.  
 Surfactant: The use of AOT was most effective in altering the behaviour of 
the sols, resulting in a decrease in the interactions between particles and 
reducing the level of flocculation occurring in the sols. The presence of AOT 
results in an increase in the conductivity of the solvents used.  
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In all of the sols the presence of AOT resulted in an increase in the value of 
electrophoretic mobility. The electrophoretic mobility became less negative 
or more positive. This is the inverse of the charge seen in aqueous systems 
and is in agreement with previous studies. This shows that the adsorption of 
the surfactant is taking place in a different orientation to that seen in aqueous 
solvents.  
When water was added to the systems the Brij 35 and 12-HSA were found to 
be more effective at stabilising the sols to any effects of water. This is 
attributed to a decrease in the CMC and the absorption of the water into the 
micelles in preference to the particulate surface.  
 Solid: The surface properties of the solid are important in the interaction with 
the different solvents as well as the interaction with any water that is present 
in the sol. If was found that the more wettable the solid, the greater the effect 
water had on the system. It is likely that this is a result of the formation of the 
lowest energy system. Where the solids have hydrophilic surfaces, wetting in 
non-polar solvents will be challenging, significant adhesion to the surfaces 
and flocculation will be observed. Where the solid has hydrophobic surfaces 
this is not observed.  
Most of these factors can be easily controlled in order to avoid areas where small 
changes would become problematic. However, water, being ubiquitous in the 
environment, is regularly used in mechanical seals, and other processing apparatus, 
poses a potential source of process problems. 
7.1.2 Build a greater understanding of those factors where there are 
interactions with other parameters. 
As the screening identified a number of factors that were interacting, these were 
looked at in order, in Chapters 4, 5 and 6.  
The effect of water was investigated in Chapter 4. A link between properties of 
solvent and solid was established. This link is summarised in Figure 4-32, which is 
reproduced below.  
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(Figure 4-44.) Summary of the effect of water on compounds of different physical 
properties in different solvents. 
 
The effect of surfactant on a range of sols was studied in Chapter 5.  
 It was found that (strongly) ionic surfactant AOT resulted in measureable 
increase in conductivity in IPA, which was not observed with 12-HSA and 
Brij-35 were used. In EtOAc and decane, no change in conductivity was 
observed. 
 The addition of surfactant reduced the modulus of the sols investigated. This 
indicates that the use of any of the surfactants studied would allow a 
significantly greater solid loading to be used. Their use would enable 
improvements in processing efficiency. 
 AOT was the more effective surfactant in most cases when compared to the 
other surfactants investigated.  
The combined effect of water and surfactant on a range of sols was investigated in 
Chapter 6.  
 The addition of water to sols containing surfactant generally increased the 
modulus observed.  
 The use of 12-HSA and Brij-35 stabilised the suspensions against the effect 
of water addition to a greater degree than that observed when AOT was 
added.  
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7.1.3 Prediction of system behaviour using commonly available and 
measured physical properties. 
From the results here, it is not possible to provide a mathematical based model for 
such systems. However, it is possible to use the trends observed to predict likely 
behaviour of systems. 
1. In moderate dielectric constant solvents, where the miscibility with water is 
high, it is unlikely that small changes in water content of the system would 
result in large changes in the behaviour of the sol. Therefore the use of water 
in mechanical seals, and changes to the water levels as a result of uptake 
from the atmosphere are unlikely to be problematic.  
The results found in this study suggest that the suspensions may become 
very viscous at relatively low volume fractions. It is likely that this is a result 
of electrostatic repulsion. At high solid loadings this problem may be 
exacerbated by water present in the system. 
2. In moderate dielectric constant solvents where there is limited miscibility with 
water, contamination with water may be a problem. This is only likely to be of 
significance where the solid is wettable. Therefore care needs to be taken 
when considering the setup and use of water in seals and the exposure of 
the solvents to water. 
Addition of a non-ionic surfactant may reduce the effect that is seen by 
changes in the water content.  
The presence of larger amounts of water may result in flocculation of the 
material even at low water levels meaning that changes may be noticed with 
solvents produced with differing water contents.  
It is unlikely that the solvents will take up sufficient water from the 
atmosphere to build to a level that coagulation will occur.  
3. In low dielectric solvents with near zero miscibility with water, the presence 
of even very low levels of water results in large effects. This is a particular 
problem where the surfaces are wettable. Uptake of water from the 
atmosphere by these solvents is low, however if water was used as part of 
seals this would be a considerable problem.  
Sols in low dielectric constant media with highly wetting solids are likely to be 
flocculated without the presence of additional water; the addition of the solid 
is likely to introduce sufficient water to result in this situation.  
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The addition of surfactant to the system significantly reduces the 
catastrophic effect of additional water. However, the water still has an effect 
on the behaviour of the sol. 
In short, considerable care will be required if a highly wetting solid is intended to be 
processed in a solvent where there is any limitation on the mixing of solvent with 
water. Measurement of contact angle and gravimetric vapour sorption of the solid 
and an understanding of the solvent properties can be used to provide an initial 
guide as to the likely concern of using a particular system and setup. 
7.1.4 Understand if there are ways of limiting the effect of small changes in 
difficult to control parameters. 
As mentioned previously water has the potential to have large effect on some of the 
colloidal systems. The presence of water in many of the processes used to 
commonly manufacture colloids, and in the atmosphere, makes it a factor which is 
difficult to maintain fine control upon. The investigations in Chapter 6 showed that 
there is a potential to limit the effect of changes in water content by use of colloidal 
systems. While it was not necessarily possible to prevent any change occurring on 
the addition of water, the addition of surfactant prevented the catastrophic effect of 
non-reversible aggregation which was observed in Chapter 4 where no surfactant 
was present.  
The work in Chapters 5 and 6 suggests that the surfactant which is best at 
stabilising a colloid, is not necessarily the same as that which is best at stabilising 
the colloid against change as a result of water contamination.  
7.2 Further work 
In this thesis, the factors affecting the behaviour of pharmaceutically relevant sols 
have been investigated. A number of hypotheses have been proposed throughout 
the work as to the mechanisms by which the different parameters have an effect. A 
large number of questions have therefore been identified in this work and offers a 
wide range of opportunities for further work. Broadly speaking, the opportunities split 
into two broad areas: 
1. The science of the interactions between the particles and additives to the 
system 
2. The effect these interactions have on processing and the use of the colloids.  
First, considering the opportunities that relate to the science of the interactions: 
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In Chapter 5 the relationship of the crystal structure and the wetting of the surfaces 
were discussed, an investigation into the relationship between the water activity of 
the solvent and the wetting of the faces was undertaken. An interpretation of the 
agglomeration behaviour of the sols at different water activities was then proposed. 
These results could then be considered in conjunction with crystallographic models. 
A further extension of this could then be carried out looking into how surfactants 
impact this relationship. 
It is clear that further work is required in order to develop models that are predictive 
of colloidal behaviour irrespective of the suspending media. While the models that 
exist predict well for aqueous systems (67), they are at best only helpful in predicting 
likely trends in the systems investigated here.  
Second, considering opportunities for further work with regards to the processing 
and use of the sols: at the outset of the work, consideration was also given to how 
the properties of the sol related to the spray dried properties of the isolated solid. 
The parameters affecting the spray dried character of the material are currently 
being investigated, but the link between the properties of the sol and the isolated 
solid remains unexplored.  
A final area for further consideration is the relationship between the properties of 
colloidal seed particles in crystallisation processes, an area in which some 
investigation work has been undertaken, but it would be interesting to look at in 
conjunction with the findings of the work carried out here.  
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Appendix A – DoE interaction graphs 
 
 
Figure A-1. Model result for effect of solids concentration on the amount of material 
remaining suspended. Graphs for other solvents and API’s are not included as they 
show the same trend but at different absolute numbers 
 
 
Figure A-2. Model result for effect of surfactant amount on the amount of material 
remaining suspended. The surfactant was either present or absent in the DoE 
experiments. Graphs for other solvents and API’s are not included as show the same 
trend but at different absolute numbers 
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Figure A-3. Model result for effect of solid on the amount of material remaining 
suspended. 
                            A 
 
                           B                    
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                             C 
 
Figure A-4 (A, B, C). Model results for effect of different solvents on the amount of 
material remaining suspended. The factor is involved in an interaction with surfactant 
as can be seen from the varying graphs when the different surfactants are present. 
Graphs other facto factors are not included as they have no impact on the relative 
result. 
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Figure A-5 (A, B, C). Model results for effect of the API: water interaction on the 
amount of material remaining suspended. The 3 different solvents are shown here, the 
surfactant did not appear to result in a difference in the relationships between the 
API’s 
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Figure A-6. Model results for effect of the water: solvent interaction on the amount of 
material remaining suspended. The 3 different API’s and surfactants are shown here, 
these all have an impact on the relative ratios on the graphs. 
 
Figure A-7. Model result for effect of the surfactant type: solvent interaction on the 
amount of material remaining suspended. 
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Figure A-8. Model result for effect of the solid loading on the ease of resuspending the 
sediment. 
 
Figure A-9. Model result for effect of the surfactant amount on the ease of 
resuspending the sediment. 
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Figure A-10. Model result for effect of the API on the ease of resuspending the 
sediment. 
 
Figure A-11. Model result for effect of the solvent type on the ease of resuspending 
the sediment. 
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Figure A-12. Model result for effect of the surfactant type on the ease of resuspending 
the sediment. 
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Figure A-13. a. Model result for effect of the solids loading on sediment depth. The 
change here is due to the increased amount of solids causing an increased depth. b, 
Model result for effect of the solids loading on sediment depth. These results have 
been normalised against the solid load. 
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Figure A-14. Model result for effect of the temperature on sediment depth. 
 
Figure A-15. Model result for effect of surfactant amount on sediment depth. 
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Figure A-16. Model result for effect of the API: surfactant on sediment depth. 
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Figure A-17. Model result for effect of the temperature on sediment depth. 
 
Figure A-18. Model result for effect of surfactant amount on sediment depth. 
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Figure A-19. Model result for effect of the API: surfactant on sediment depth. 
 
  
246 
 
Appendix B – Calculation of surfactant required 
for monolayer coverage 
The following calculation was used to approximate the %w/w of surfactant required 
to achieve a monolayer coverage of the colloidal drug particles. 
A typical true density for API will be used at 1.3 g/mL 
Vol of a sphere   𝑉 =
4
3
𝜋𝑟3 
   𝑉 =
4
3
𝜋(1.5 × 10−7)3 
    𝑉 = 1.41 × 10−20 m3 
No of spheres in 1g  𝑣𝑜𝑙 𝑜𝑓 1𝑔 =
1
𝑡𝑟𝑢𝑒 𝑑𝑒𝑛𝑠𝑖𝑡𝑦
 
     𝑣𝑜𝑙 𝑜𝑓 1𝑔 = 7.69 × 10−7 m3 
    𝑛 =
𝑣𝑜𝑙 𝑜𝑓 1𝑔
𝑉
 
     𝑛 =
7.69×10−7
1.41×10−20
 
      𝑛 = 5.46 × 1013 
Surface area  𝑆𝐴 = 4𝜋𝑟2 
    𝑆𝐴 = 4 × 𝜋 × (1.5 × 10−7)2 
   𝑆𝐴 = 2.83 × 10−13 m2 
Surface area of 1g 𝑆𝐴1𝑔 = 2.83 × 10
−13 × 5.46 × 1013 
       𝑆𝐴1𝑔 = 15.4 m
2/g 
Mass of surfactant 𝑚𝑠𝑢𝑟𝑓 = 15.4 × 𝑑𝑒𝑠𝑖𝑟𝑒𝑑 𝑠𝑢𝑟𝑓𝑎𝑐𝑡𝑎𝑛𝑡 𝑙𝑒𝑣𝑒𝑙 
   𝑚𝑠𝑢𝑟𝑓 = 15.4 × 2 
 𝑚𝑠𝑢𝑟𝑓 = 30.8 mg/g 
Concentration required in a solution 
   % 𝑠𝑢𝑟𝑓 =
𝑠𝑜𝑙𝑛 𝑐𝑜𝑛𝑐×𝑚𝑠𝑢𝑟𝑓
1000
 
For a 1% slurry  % 𝑠𝑢𝑟𝑓 =
1×30.8
1000
 
   % 𝑠𝑢𝑟𝑓 = 0.03 % w/v 
For a 20% slurry  % 𝑠𝑢𝑟𝑓 =
20×46.2
1000
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    % 𝑠𝑢𝑟𝑓 = 0.62 % w/v 
This represents a 3.1 % load of surfactant on the dried API.  
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Appendix C – Calculation of interparticle 
distance 
The following calculation was used to approximate the average interparticle 
distance. 
An example particle size of 600nm has been used here, for the calculations shown 
in the text the X-50 measured by laser diffraction has been used. In this example an 
API true density of 1.3 g/mL has been used. A solid fraction of 2 %w/v has been 
assumed. 
% vol of solid present 𝑉 =
% 𝑜𝑓 𝑠𝑜𝑙𝑖𝑑
𝑡𝑟𝑢𝑒 𝑑𝑒𝑛𝑠𝑖𝑡𝑦
 
   𝑉 =
2
1.3
 
   𝑉 = 1.54 %v/v solid in suspension 
Vol of a particle  𝑉𝑜𝑙𝑝𝑎𝑟𝑡 =
4
3
𝜋𝑟3 
   𝑉𝑜𝑙𝑝𝑎𝑟𝑡 =
4
3
𝜋(3 × 10−7)3 
    𝑉𝑜𝑙𝑝𝑎𝑟𝑡 = 1.13 × 10
−19 m3 
No of particles in 1m3 of solid 
     𝑛 =
1
1.13×10−19
 
      𝑛 = 8.84 × 1018 
No of particles in 1m3 of suspension 
   𝑛𝑠𝑢𝑠 =
𝑛
𝑡𝑜𝑡𝑎𝑙 𝑠𝑢𝑠𝑝𝑒𝑛𝑠𝑖𝑜𝑛 𝑣𝑜𝑙
× 𝑣𝑜𝑙 𝑜𝑓 𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠 
   𝑛𝑠𝑢𝑠 =
8.84×1018
101.54
× 1.54 
   𝑛𝑠𝑢𝑠 = 1.34 × 10
17 
Vol available per particle 
   𝑉𝑜𝑙𝑡𝑜𝑡 =
𝑡𝑜𝑡𝑎𝑙 𝑣𝑜𝑙𝑢𝑚𝑒
𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠
 
   𝑉𝑜𝑙𝑡𝑜𝑡 =
1
1.34×1017
 
   𝑉𝑜𝑙𝑡𝑜𝑡 = 7.46 × 10
−18 m3/particle 
Radius available per particle 
249 
 
   𝑟 = √
3𝑣
4𝜋
3
 
    𝑟 = √
7.46×10−18×3
4𝜋
3
 
   𝑟 = 1.2 × 10−6 m 
Solvent radius 
   𝑟𝑠𝑜𝑙𝑣 = 𝑟𝑡𝑜𝑡 − 𝑟𝑝𝑎𝑟𝑡 
   𝑟𝑠𝑜𝑙𝑣 = 1.2 × 10
−6 + 3 × 10−7 m 
       𝑟𝑠𝑜𝑙𝑣 = 9 × 10
−7 m = 0.9µ𝑚 
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Appendix D – Zeta potential values 
The tables contained within this appendix show the zeta potentials used for 
calculation of electrophoretic mobility and DLVO calculations. These were calculated 
from electrophoretic mobility measured on the Malvern Zetasizer. 
Table D-1. Zeta potential for samples of colloidal solids in pure solvent with 
increasing water content. 
 water content (% v/v) 0 0.06 0.12 0.2 0.3 0.5 1 
Titanium dioxide 
EtOAc -124 -80 -71 -75 -72 -59 -52 
IPA -37 -51 -64 -61 -60 -27 -29 
Decane -10 74 
 
Lactose 
EtOAc -36 -51 -64 -61 -60 -27 -29 
IPA -76 -70 -56 -55 -55 -52 -43 
Decane 69 42 
 
API D 
EtOAc -117 -117 -120 -117 -115 -101 -86 
IPA -34 -47 -40 -23 -27 -54 -75 
Decane -30 -43 
 
API E 
EtOAc -91 -94 -92 -93 -91 -84 -79 
IPA -103 -106 -117 -122 -122 -109 -97 
Decane -11 -38 
 
Table D-2. Zeta potential for samples of colloidal solids in solvent with increasing 
levels of 12-HSA or Brij 35 in the case of titanium dioxide. 
 
Surfactant 
content 
%w/w 
0 0.06 0.12 0.2 0.3 0.5 
Titanium 
dioxide 
EtOAc -34 -4 -80 -111 -9 -1 
IPA -174 -113 -3 -178 -95 -55 
 
Lactose 
EtOAc -81 -16 -12 -22 -32 -18 
IPA -10 -30 -21 -22 23 17 
API D 
EtOAc -117 -104 -116 -99 -105 -21 
IPA -16 -8 -19 -18 -21 -17 
API E 
EtOAc -83 -98 -102 -117 -108 -119 
IPA -177.5 -177.5 -131.5 -149 -179.5 -163 
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Table D-3. Zeta potential for samples of colloidal solids in solvent with increasing 
levels of AOT. 
 Surfactant content %w/w 0 0.06 0.12 0.2 0.3 0.5 
Titanium dioxide 
EtOAc -34 3 22 5 34 43 
IPA -174 -37 -35 11 33 50 
Decane -10 106 109 107 41 39 
Lactose 
EtOAc -81 -6 -12 -7 -4 -13 
IPA -10 -37 -35 11 33 50 
Decane 69 101 62 100 81 89 
API D 
EtOAc -75 -117 -43 -32 -98 -23 
IPA -16 -12 -9 -7 -4 -2 
Decane -30 -59 -106 -138 -147 -129 
API E 
EtOAc -83 -87 -59 -66 -57 -76 
IPA -178 -42 -56 -47 -33 -27 
Decane -10 -14 6 3 -8 -10 
Table D-4. Zeta potential for samples of colloidal solids in solvent with 0.5%w/w 12-
HSA or Brij 35 in the case of titanium dioxide, with increasing levels of water spiked. 
 water content (% 
v/v) 
0 0.06 0.12 0.2 0.3 0.5 1 
Titanium dioxide 
EtOAc -59 -64 -62 -59 -53 -42 -35 
IPA -119 -130 
 
-143 -161 -157 -172 
 
Lactose 
EtOAc -60 -59 -51 -43 -44 -48 -35 
IPA 16 10 14 12 12 10 13 
API D 
EtOAc -81 -87 -82 -79 -79 -71 -61 
IPA -47 -44 -22 -22 -19 -17 -31 
API E 
EtOAc -78 -84 -82 -82 -84 -86 -92 
IPA -122 -121 -123 -125.5 -122.5 -119.5 -94.1 
Table D-5. Zeta potential for samples of colloidal solids in solvent with 0.5%w/w 12-
HSA or Brij 35 in the case of titanium dioxide, with increasing levels of water spiked. 
 water content 
(%v/v) 
0 0.06 0.12 0.2 0.3 0.5 1 
Titanium dioxide 
EtOAc 28 29 29 30 28 18 9 
IPA 53 53 57 60 61 64 65 
Decane 39 69 
 
Lactose 
EtOAc 9 13 17 20 21 19 17 
IPA 53 50 48 56 38 44 42 
Decane 89 80 
 
API D 
EtOAc -22 -18 -14 -10 -3 -2 -4 
IPA 10 8 9 12 15 15 14 
Decane -129 -33 
 
API E 
EtOAc -63 -66 -61 -55 -45 -26 -18 
IPA -16 -21 -19 -20 -19 -14 -15 
Decane -10 -15 
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Appendix E – Effect of water on oscillatory 
rheology measurements. 
 
Figure E-1. Loss and storage modulus in LVR found in amplitude sweep at 1 Hz of 
5%w/v lactose in IPA with additional water. 
 
Figure E-2. Loss and storage modulus in LVR found in amplitude sweep at 1 Hz of 
30%w/v titanium dioxide in IPA with additional water. 
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Figure E-3. Loss and storage modulus in LVR found in amplitude sweep at 1 Hz of 
15%w/v API D in IPA with additional water. 
 
Figure E-4. Average strength of structure in LVR found in amplitude sweep 1 Hz of 
20% w/v API E in IPA with additional water. The measured value at 0.2%v/v water is 
apparently anomalous, this is likely to result from experimental error, for example, as 
a result ineffective removal of material on the size of the upper geometry which is 
present after sample loading. 
254 
 
 
Figure E-5. Loss and storage modulus in LVR found in amplitude sweep at 1 Hz of 
5%w/v lactose in EtOAc with additional water. 
 
Figure E-6. Loss and storage modulus in LVR found in amplitude sweep at 1Hz of 
25%w/v titanium dioxide in EtOAc with additional water. 
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Figure E-7. Loss and storage modulus in LVR found in amplitude sweep at 1 Hz of 
20%w/v API D in EtOAc with additional water. 
 
Figure E-8. Loss and storage modulus in LVR found in amplitude sweep at 1 Hz of 
5%w/v lactose in decane with additional water. 
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Figure E-9. Loss and storage modulus in LVR found in amplitude sweep at 1 Hz of 
12.5%w/v TiO2 in decane with additional water. 
 
Figure E-10. Loss and storage modulus in LVR found in amplitude sweep at 1 Hz of 
10%w/v API D in decane with additional water. 
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Figure E-11. Loss and storage modulus in LVR found in amplitude sweep at 1Hz of 
10%w/v API E in decane with additional water. 
 
Figure E-12. Critical stress of suspensions of lactose suspensions (all suspensions 
were at a 5%w/v solids concentration) with increasing levels of water. Measurements 
were made from analysis of data from oscillatory amplitude sweeps at 1Hz. 
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Figure E-13. Critical stress of titanium dioxide suspensions (suspensions were at 
12.5%w/v in decane, 25%w/v in EtOAc and 30%w/v in IPA) with increasing levels of 
water. Measurements were made from analysis of data from oscillatory amplitude 
sweeps at 1Hz. 
 
Figure E-14. Critical stress of suspensions of API D (suspensions were at 10% w/v in 
decane, 20% in EtOAc and 15% in IPA) with increasing levels of water. Measurements 
were made from analysis of data from oscillatory amplitude sweeps at 1Hz. 
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Figure E-15. Critical stress of suspensions of API E (suspensions were at 10% in 
decane and 20% in IPA) with increasing levels of water. Measurements were made 
from analysis of data from oscillatory amplitude sweeps at 1Hz. 
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Appendix F – Electrostatic repulsion 
This appendix compiles all of the calculated electrostatic repulsion curves 
referenced in Chapters 4 to 6.  
Samples with additional water spiked 
 
Figure F-1. Electrostatic repulsion for Lactose in IPA at increasing water levels. 
 
Figure F-2. Electrostatic repulsion for Lactose in EtOAc at increasing water levels. 
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Figure F-3. Electrostatic repulsion for Lactose in decane at increasing water levels. 
 
Figure F-4. Electrostatic repulsion for titanium dioxide in IPA at increasing water 
levels. 
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Figure F-5. Electrostatic repulsion for titanium dioxide in EtOAc at increasing water 
levels. 
 
Figure F-6. Electrostatic repulsion for titanium dioxide in decane at increasing water 
levels. 
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Figure F-7. Electrostatic repulsion for API D in IPA at increasing water levels. 
 
Figure F-8. Electrostatic repulsion for API E in EtOAc at increasing water levels. 
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Figure F-9. Electrostatic repulsion for API D in decane at increasing water levels. 
 
Figure F-10. Electrostatic repulsion for API E in IPA at increasing water levels. 
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Figure F-11. Electrostatic repulsion for API E in EtOAc at increasing water levels. 
 
Figure F-12. Electrostatic repulsion for API E in decane at increasing water levels. 
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Surfactant addition 
 
Figure F-13. Electrostatic repulsion for lactose in IPA with increasing levels of the 
non-ionic surfactant, 12HSA. 
 
Figure F-14. Electrostatic repulsion for lactose in EtOAc with increasing levels of the 
non-ionic surfactant, 12HSA. 
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Figure F-15. Electrostatic repulsion for titanium dioxide in IPA with increasing levels 
of the non-ionic surfactant, Brij 35. 
 
Figure F-16. Electrostatic repulsion for titanium dioxide in EtOAc with increasing 
levels of the non-ionic surfactant, Brij 35. 
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Figure F-17. Electrostatic repulsion for API D in IPA with increasing levels of the non-
ionic surfactant, 12HSA. 
 
Figure F-18. Electrostatic repulsion for API D in EtOAc with increasing levels of the 
non-ionic surfactant, 12HSA. 
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Figure F-19. Electrostatic repulsion for API E in IPA with increasing levels of the non-
ionic surfactant, 12HSA. 
 
Figure F-20. Electrostatic repulsion for API E in EtOAc with increasing levels of the 
non-ionic surfactant, 12HSA. 
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Surfactant with water 
 
Figure F-21. Electrostatic repulsion for lactose in IPA with 0.05% w/w of the non-ionic 
surfactant, 12HSA and increasing levels of water 
 
Figure F-22. Electrostatic repulsion for lactose in EtOAc with 0.05% w/w of the non-
ionic surfactant, 12HSA and increasing levels of water. 
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Figure F-23. Electrostatic repulsion for Titanium dioxide in IPA with 0.05% w/w of the 
non-ionic surfactant, Brij 35 and increasing levels of water. 
 
Figure F-24. Electrostatic repulsion for titanium dioxide in EtOAc with 0.05% w/w of 
the non-ionic surfactant, Brij 35 and increasing levels of water. 
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Figure F-25. Electrostatic repulsion for API D in IPA with 0.05% w/w of the non-ionic 
surfactant, 12HSA and increasing levels of water. 
 
Figure F-26. Electrostatic repulsion for API D in EtOAc with 0.05% w/w of the non-ionic 
surfactant, 12HSA and increasing levels of water. 
273 
 
 
Figure F-27. Electrostatic repulsion for API E in IPA with 0.05% w/w of the non-ionic 
surfactant, 12HSA and increasing levels of water. 
 
Figure F-28. Electrostatic repulsion for API E in EtOAc with 0.05% w/w of the non-ionic 
surfactant, 12HSA and increasing levels of water. 
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Figure F-29. Electrostatic repulsion for Lactose in IPA with 0.05% w/w of the ionic 
surfactant, AOT and increasing levels of water. 
 
Figure F-30. Electrostatic repulsion for Lactose in EtOAc with 0.05% w/w of the ionic 
surfactant, AOT and increasing levels of water. 
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Figure F-31. Electrostatic repulsion for Lactose in decane with 0.05% w/w of the ionic 
surfactant, AOT and increasing levels of water. 
 
Figure F-32. Electrostatic repulsion for titanium dioxide in IPA with 0.05% w/w of the 
ionic surfactant, AOT and increasing levels of water. 
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Figure F-33. Electrostatic repulsion for titanium dioxide in EtOAc with 0.05% w/w of 
the ionic surfactant, AOT and increasing levels of water. 
 
Figure F-34. Electrostatic repulsion for titanium dioxide in decane with 0.05% w/w of 
the ionic surfactant, AOT and increasing levels of water. 
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Figure F-35. Electrostatic repulsion for API D in IPA with 0.05% w/w of the ionic 
surfactant, AOT and increasing levels of water. 
 
Figure F-36. Electrostatic repulsion for API D in EtOAc with 0.05% w/w of the ionic 
surfactant, AOT and increasing levels of water. 
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Figure F-37. Electrostatic repulsion for API D in decane with 0.05% w/w of the ionic 
surfactant, AOT and increasing levels of water. 
 
Figure F-38. Electrostatic repulsion for API E in IPA with 0.05% w/w of the ionic 
surfactant, AOT and increasing levels of water. 
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Figure F-39. Electrostatic repulsion for API E in EtOAc with 0.05% w/w of the ionic 
surfactant, AOT and increasing levels of water. 
 
Figure F-40. Electrostatic repulsion for API E in decane with 0.05% w/w of the ionic 
surfactant, AOT and increasing levels of water. 
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Appendix G – DLVO interaction 
This appendix compiles all of the calculated DLVO curves referenced in Chapters 4 
to 6.  
Water addition samples 
 
Figure G-1. DLVO interaction for lactose in IPA at increasing water levels. 
 
Figure G-2. DLVO interaction for lactose in EtOAc at increasing water levels. 
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Figure G-3. DLVO interaction for lactose in decane at increasing water levels. 
 
Figure G-4. DLVO interaction for titanium dioxide in IPA at increasing water levels. 
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Figure G-5. DLVO interaction for titanium dioxide in EtOAc at increasing water levels. 
 
Figure G-6. DLVO interaction for titanium dioxide in decane at increasing water levels. 
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Figure G-7. DLVO interaction for API D in IPA at increasing water levels. 
 
Figure G-8. DLVO interaction for API D in EtOAc at increasing water levels. 
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Figure G-9. DLVO interaction for API D in decane at increasing water levels 
 
Figure G-10. DLVO interaction for API E in IPA at increasing water levels. 
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Figure G-11. DLVO interaction for API E in EtOAc at increasing water levels. 
 
Figure G-12. DLVO interaction for API E in decane at increasing water levels. 
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Surfactant addition samples. 
 
Figure G-13. DLVO interaction for lactose in IPA with increasing levels of the non-
ionic surfactant 12HSA. 
 
Figure G-14. DLVO interaction for lactose in EtOAc with increasing levels of the non-
ionic surfactant 12HSA. 
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Figure G-15. DLVO interaction for titanium dioxide in IPA with increasing levels of the 
non-ionic surfactant Brij 35. 
 
Figure G-16. DLVO interaction for titanium dioxide in EtOAc with increasing levels of 
the non-ionic surfactant Brij 35. 
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Figure G-17. DLVO interaction for API D in IPA with increasing levels of the non-ionic 
surfactant 12HSA. 
 
Figure G-18. DLVO interaction for API D in EtOAc with increasing levels of the non-
ionic surfactant 12HSA. 
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Figure G-19. DLVO interaction for API E in IPA with increasing levels of the non-ionic 
surfactant 12HSA. 
 
Figure G-20. DLVO interaction for API E in EtOAc with increasing levels of the non-
ionic surfactant 12HSA. 
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Figure G-21. DLVO interaction for lactose in IPA with increasing levels of ionic 
surfactant AOT. 
 
Figure G-22. DLVO interaction for lactose in EtOAc with increasing levels of ionic 
surfactant AOT. 
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Figure G-23. DLVO interaction for lactose in decane with increasing levels of ionic 
surfactant AOT. 
 
Figure G-24. DLVO interaction for titanium dioxide in IPA with increasing levels of 
ionic surfactant AOT 
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Figure G-25. DLVO interaction for titanium dioxide in EtOAc with increasing levels of 
ionic surfactant AOT. 
 
Figure G-26. DLVO interaction for titanium dioxide in decane with increasing levels of 
ionic surfactant AOT. 
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Figure G-27. DLVO interaction for API D in IPA with increasing levels of ionic 
surfactant AOT. 
 
Figure G-28. DLVO interaction for API D in EtOAc with increasing levels of ionic 
surfactant AOT. 
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Figure G-29. DLVO interaction for API D in decane with increasing levels of ionic 
surfactant AOT. 
 
Figure G-30. DLVO interaction for API E in IPA with increasing levels of ionic 
surfactant AOT. 
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Figure G-31. DLVO interaction for API E in EtOAc with increasing levels of ionic 
surfactant AOT. 
 
Figure G-32. DLVO interaction for API E in decane with increasing levels of ionic 
surfactant AOT. 
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Surfactant and water samples 
 
Figure G-33. DLVO repulsion for lactose in IPA with 0.05% w/w of the non-ionic 
surfactant, 12HSA and increasing levels of water. 
 
Figure G-34. DLVO repulsion for lactose in EtOAc with 0.05% w/w of the non-ionic 
surfactant, 12HSA and increasing levels of water. 
-20
-10
0
10
20
30
40
50
60
70
0 200 400 600
D
LV
O
 in
te
ra
ct
io
n
 (
kT
) 
Interparticle distance (nm) 
no added water
0.05% water
0.1% water
0.2% water
0.3% water
0.5% water
1% water
297 
 
 
Figure G-35. DLVO repulsion for lactose in IPA with 0.05% w/w of the ionic surfactant, 
AOT and increasing levels of water. 
 
Figure G-36. DLVO repulsion for lactose in EtOAc with 0.05% w/w of the ionic 
surfactant, AOT and increasing levels of water. 
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Figure G-37. DLVO repulsion for lactose in decane with 0.05% w/w of the ionic 
surfactant, AOT and increasing levels of water. 
 
Figure G-38. DLVO repulsion for Titanium dioxide in IPA with 0.05% w/w of the non-
ionic surfactant, Brij 35 and increasing levels of water. 
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Figure G-39. DLVO repulsion for Titanium dioxide in EtOAc with 0.05% w/w of the non-
ionic surfactant, Brij 35 and increasing levels of water. 
 
Figure G-40. DLVO repulsion for Titanium dioxide in IPA with 0.05% w/w of the ionic 
surfactant, AOT and increasing levels of water. 
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Figure G-41. DLVO repulsion for Titanium dioxide in EtOAc with 0.05% w/w of the 
ionic surfactant, AOT and increasing levels of water. 
 
Figure G-42. DLVO repulsion for Titanium dioxide in decane with 0.05% w/w of the 
ionic surfactant, AOT and increasing levels of water. 
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Figure G-43. DLVO repulsion for API D in IPA with 0.05% w/w of the non-ionic 
surfactant, 12-HSA and increasing levels of water. 
 
Figure G-44. DLVO repulsion for API D in EtOAc with 0.05% w/w of the non-ionic 
surfactant, 12-HSA and increasing levels of water. 
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Figure G-45. DLVO repulsion for API D in IPA with 0.05% w/w of the ionic surfactant, 
AOT and increasing levels of water. 
 
Figure G-46. DLVO repulsion for API D in EtOAc with 0.05% w/w of the ionic 
surfactant, AOT and increasing levels of water. 
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Figure G-47. DLVO repulsion for API D in decane with 0.05% w/w of the ionic 
surfactant, AOT and increasing levels of water. 
 
Figure G-48. DLVO repulsion for API E in IPA with 0.05% w/w of the non-ionic 
surfactant, 12-HSA and increasing levels of water. 
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Figure G-49. DLVO repulsion for API E in EtOAc with 0.05% w/w of the non-ionic 
surfactant, 12-HSA and increasing levels of water. 
 
 
Figure G-50. DLVO repulsion for API E in IPA with 0.05% w/w of the ionic surfactant, 
AOT and increasing levels of water. 
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Figure G-51. DLVO repulsion for API E in EtOAc with 0.05% w/w of the ionic 
surfactant, AOT and increasing levels of water. 
 
Figure G-52.  DLVO repulsion for API E in decane with 0.05% w/w of the ionic 
surfactant, AOT and increasing levels of water.
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Appendix H – Stability constants 
This Appendix summarises the calculated stability ratios W, some of these values 
are very high, suggesting that the systems are likely to be stable. The predicted 
stable zeta potential (ζcalc) and measured zeta potentials (ζmeas) are also shown.  
Water addition 
Table H-1. Stability ratio (W), measured zeta potential (ζmeas) and calculated stable zeta 
potential (ζcalc) for sols with increasing levels of water spiked.  
  
water 
content 
(%) 
0 0.06 0.12 0.2 0.3 0.5 1 
T
it
a
n
iu
m
 d
io
x
id
e
 
EtOAc 
 
 
W 3.1E+160 4.8E+65 2.4E+51 3.3E+57 7.5E+52 9.7E+34 7.2E+26 
ζmeas -124 -80 -71 -75 -72 -59 -52 
ζcalc ±24 ±24 ±24 ±24 ±24 ±24 ±24 
IPA 
 
 
W 1.3E+42 3.7E+81 3.7E+129 3.3E+117 4.3E+113 5.9E+21 2.1E+25 
ζmeas -37 -51 -64 -61 -60 -27 -29 
ζcalc ±13 ±13 ±13 ±13 ±13 ±13 ±13 
Decane 
 
 
W 2.8E+00 4.4E+17 
 
ζmeas -10 74 
ζcalc ±40.8 ±41 
L
a
c
to
s
e
 
EtOAc 
 
 
W 1.8E+12 6.1E+25 2.8E+41 3.2E+37 1.7E+36 3.0E+06 4.0E+07 
ζmeas -36 -51 -64 -61 -60 -27 -29 
ζcalc ±24 ±24 ±24 ±24 ±24 ±24 ±24 
IPA 
 
 
W 3.8E+183 2.6E+155 5.4E+98 1.5E+95 1.5E+95 7.4E+84 3.0E+57 
ζmeas -76 -70 -56 -55 -55 -52 -43 
ζcalc ±13 ±13 ±13 ±13 ±13 ±13 ±13 
Decane 
 
 
W 1.5E+15 1.1E+05 
 
ζmeas 69 42 
ζcalc ±41 ±41 
A
P
I 
D
 
EtOAc 
 
 
W 5E+142 5E+142 1E+150 5E+142 6E+137 6E+105 2E+76 
ζmeas -117 -117 -120 -117 -115 -101 -86 
ζcalc ±24 ±24 ±24 ±24 ±24 ±24 ±24 
IPA 
 
 
W 2.2E+35 1.0E+69 3.2E+49 2.9E+15 5.9E+21 4.7E+91 5.3E+178 
ζmeas -34 -47 -40 -23 -27 -54 -75 
ζcalc ±13 ±13 ±13 ±13 ±13 ±13 ±13 
Decane 
 
 
W 2.0E+02 2.2E+05 
 
ζmeas -30 -43 
ζcalc ±41 ±41 
A
P
I 
E
 
EtOAc 
 
 
W 3.3E+85 2.4E+91 2.8E+87 2.5E+89 3.3E+85 3.9E+72 1.0E+64 
ζmeas -91 -94 -92 -93 -91 -84 -79 
ζcalc ±24 ±24 ±24 ±24 ±24 ±24 ±24 
IPA 
 
 
W >9E+999 >9E+999 >9E+999 >9E+999 >9E+999 >9E+999 3.1E+300 
ζmeas -103 -106 -117 -122 -122 -109 -97 
ζcalc ±13 ±13 ±13 ±13 ±13 ±13 ±13 
307 
 
Decane 
 
 
W 2.7E+00 1.0E+04 
 
ζmeas -11 -38 
ζcalc ±41 ±41 
 
Surfactant 
Table H-2. Stability ratio (W), measured zeta potential (ζmeas) and calculated stable zeta 
potential (ζcalc) for sols with increasing levels of surfactant (Brij 35 for titanium 
dioxide, 12-HSA in all other cases).  
  
Surfactant 
content 
(%w/w) 
0 0.06 0.12 0.2 0.3 0.5 
T
it
a
n
iu
m
 d
io
x
id
e
 
EtOAc 
 
 
W 3.4E+10 4.0E+00 2.7E+65 1.0E+127 4.0E+00 4.9E+01 
ζmeas -34 -4 -80 -111 -9 -1 
ζcalc 24 24 24 24 24 24 
IPA 
 
 
W >9E+999 >9E+999 3.0E+00 >9E+999 5.7E+286 4.8E+93 
ζmeas -174 -113 -3 -178 -95 -55 
ζcalc 13 13 13 13 13 13 
L
a
c
to
s
e
 
EtOAc 
 
 
W 1.1E+67 7.1E+01 9.6E+00 9.5E+03 2.0E+09 2.6E+02 
ζmeas -81 -16 -12 -22 -32 -18 
ζcalc 24 24 24 24 24 24 
IPA 
 
 
W 3.9E+02 6.9E+27 1.1E+13 3.2E+14 2.4E+15 7.2E+07 
ζmeas -10 -30 -21 -22 23 17 
ζcalc 13 13 13 13 13 13 
A
P
I 
D
 
EtOAc 
 
 
W 5E+142 2E+112 9E+138 5E+100 2E+113 4E+03 
ζmeas -117 -104 -116 -99 -105 -21 
ζcalc 24 24 24 24 24 24 
IPA 
 
 
W 6.7E+06 3.4E+01 5.6E+10 7.9E+08 2.4E+12 1.1E+08 
ζmeas -16 -8 -19 -18 -21 -17 
ζcalc 13 13 13 13 13 13 
A
P
I 
E
 
EtOAc 
 
 
W 2.0E+70 2.6E+100 7.2E+106 2.6E+141 1.3E+120 4.4E+147 
ζmeas -83 -98 -102 -117 -108 -119 
ζcalc 24 24 24 24 24 24 
IPA 
 
 
W >9E+999 >9E+999 >9E+999 >9E+999 >9E+999 >9E+999 
ζmeas -177.5 -177.5 -131.5 -149 -179.5 -163 
ζcalc 13 13 13 13 13 13 
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Table H-3. Stability ratio (W), measured zeta potential (ζmeas) and calculated stable zeta 
potential (ζcalc) for sols with increasing levels of AOT.  
  Surfactant 0 0.06 0.12 0.2 0.3 0.5 
T
it
a
n
iu
m
 d
io
x
id
e
 
EtOAc 
 
 
W 3.4E+10 5.0E+00 1.3E+04 2.9E+00 7.6E+10 7.3E+17 
ζmeas -34 3 22 5 34 43 
ζcalc 24 24 24 24 24 24 
IPA 
 
 
W >9E+999 2.0E+42 3.6E+38 8.1E+02 6.0E+32 4.9E+77 
ζmeas -174 -37 -35 11 33 50 
ζcalc 13 13 13 13 13 13 
Decane 
 
 
W 2.8E+00 3.9E+37 3.1E+39 2.4E+38 5.0E+04 2.0E+04 
ζmeas -10 106 109 107 41 39 
ζcalc 41 41 41 41 41 41 
L
a
c
to
s
e
 
EtOAc 
 
 
W 1.1E+67 2.7E+00 8.3E+00 2.8E+00 4.1E+00 1.6E+01 
ζmeas -81 -6 -12 -7 -4 -13 
ζcalc 24 24 24 24 24 24 
IPA 
 
 
W 3.9E+02 2.0E+42 3.6E+38 8.1E+02 6.0E+32 4.9E+77 
ζmeas -10 -37 -35 11 33 50 
ζcalc 13 13 13 13 13 13 
Decane 
 
 
W 1.1E+15 7.7E+33 1.1E+12 1.3E+33 1.6E+21 2.2E+26 
ζmeas 69 101 62 100 81 89 
ζcalc 41 41 41 41 41 41 
A
P
I 
D
 
EtOAc 
 
 
W 9.8E+57 4.5E+142 2.3E+18 2.0E+09 9.3E+98 4.5E+04 
ζmeas -75 -117 -43 -32 -98 -23 
ζcalc 24 24 24 24 24 24 
IPA 
 
 
W 6.7E+06 2.9E+03 9.3E+01 9.2E+00 2.8E+00 3.8E+00 
ζmeas -16 -12 -9 -7 -4 -2 
ζcalc 13 13 13 13 13 13 
Decane 
 
 
W 1.7E+02 8.2E+10 2.8E+37 8.1E+64 2.4E+73 3.2E+56 
ζmeas -30 -59 -106 -138 -147 -129 
ζcalc 41 41 41 41 41 41 
A
P
I 
E
 
EtOAc 
 
 
W 2.0E+70 6.8E+78 ` 7.8E+43 7.2E+32 3.9E+59 
ζmeas -83 -87 -59 -66 -57 -76 
ζcalc 24 24 24 24 24 24 
IPA 
 
 
W >9E+999 2.6E+53 2.4E+98 1.8E+68 1.2E+33 8.4E+20 
ζmeas -178 -42 -56 -47 -33 -27 
ζcalc 13 13 13 13 13 13 
Decane 
 
 
W 2.7E+00 3.1E+00 4.2E+00 1.6E+01 3.2E+00 2.7E+00 
ζmeas -10 -14 6 3 -8 -10 
ζcalc 41 41 41 41 41 41 
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Surfactant with increasing water levels 
Table H-4. Stability ratio (W), measured zeta potential (ζmeas) and calculated stable zeta 
potential (ζcalc) for sols with 0.5% surfactant (Brij 35 for titanium dioxide, 12-HSA in all 
other cases) and increasing water levels. 
  water 
content 
0 0.06 0.12 0.2 0.3 0.5 1 
T
it
a
n
iu
m
 d
io
x
id
e
 
EtOAc 
 
 
W 6.3E+34 1.1E+41 5.4E+38 1.7E+35 1.2E+28 1.6E+17 4.6E+11 
ζmeas -59 -64 -62 -59 -53 -42 -35 
ζcalc 24 24 24 24 24 24 24 
IPA 
 
 
W >9E+999 >9E+999 
 
>9E+999 >9E+999 >9E+999 >9E+999 
ζmeas -119 -130  
-143 -161 -157 -172 
ζcalc 13 13  
13 13 13 13 
L
a
c
to
s
e
 
EtOAc 
 
 
W 3.1E+36 2.3E+35 1.1E+26 1.5E+18 5.3E+18 3.1E+22 5.4E+11 
ζmeas -60 -59 -51 -43 -44 -48 -35 
ζcalc 24 24 24 24 24 24 24 
IPA 
 
 
W 8.4E+06 4.3E+02 6.7E+04 5.6E+03 3.5E+03 3.7E+02 3.2E+04 
ζmeas 16 10 14 12 12 10 13 
ζcalc 13 13 13 13 13 13 13 
A
P
I 
D
 
EtOAc 
 
 
W 6E+67 4E+78 1E+69 5E+63 1E+64 5E+51 1E+37 
ζmeas -81 -87 -82 -79 -79 -71 -61 
ζcalc 24 24 24 24 24 24 24 
IPA 
 
 
W 1.1E+70 5.0E+59 2.9E+14 3.4E+14 4.4E+10 2.5E+08 1.4E+28 
ζmeas -47 -44 -22 -22 -19 -17 -31 
ζcalc 13 13 13 13 13 13 13 
A
P
I 
E
 
EtOAc 
 
 
W 1.3E+62 7.7E+71 8.4E+68 2.5E+68 7.3E+72 2.8E+76 1.1E+88 
ζmeas -78 -84 -82 -82 -84 -86 -92 
ζcalc 24 24 24 24 24 24 24 
IPA 
 
 
W >9E+999 >9E+999 >9E+999 >9E+999 >9E+999 >9E+999 4.5E+282 
ζmeas -122 -121 -123 -125.5 -122.5 -119.5 -94.1 
ζcalc 13 13 13 13 13 13 13 
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Table H-3. Stability ratio (W), measured zeta potential (ζmeas) and calculated stable zeta 
potential (ζcalc) for sols with AOT and increasing levels of water.  
  water 
content 
0 0.06 0.12 0.2 0.3 0.5 1 
T
it
a
n
iu
m
 d
io
x
id
e
 
EtOAc 
 
 
W 7.8E+06 2.9E+07 3.5E+07 2.1E+08 8.3E+06 3.3E+02 3.6E+00 
ζmeas 28 29 29 30 28 18 9 
ζcalc 24 24 24 24 24 24 24 
IPA 
 
 
W 5.4E+87 5.4E+87 1.9E+101 7.3E+112 8.6E+116 1.7E+131 2.0E+133 
ζmeas 53 53 57 60 61 64 65 
ζcalc 13 13 13 13 13 13 13 
Decane 
 
 
W 2.0E+04 1.8E+15 
 
 
ζmeas 39 69 
ζcalc 41 41 
L
a
c
to
s
e
 
EtOAc 
 
 
W 3.3E+00 1.3E+01 1.2E+02 1.4E+03 3.5E+03 5.5E+02 1.8E+02 
ζmeas 9 13 17 20 21 19 17 
ζcalc 24 24 24 24 24 24 24 
IPA 
 
 
W 1.2E+88 1.0E+78 3.2E+72 1.9E+99 2.4E+45 4.8E+60 1.2E+54 
ζmeas 53 50 48 56 38 44 42 
ζcalc 13 13 13 13 13 13 13 
Decane 
 
 
W 2.2E+26 1.0E+21  
 
 
ζmeas 89 80 
ζcalc 41 41 
A
P
I 
D
 
EtOAc 
 
 
W 9.5E+03 3.0E+02 3.0E+01 4.7E+00 5.3E+00 1.9E+01 3.3E+00 
ζmeas -22 -18 -14 -10 -3 -2 -4 
ζcalc 24 24 24 24 24 24 24 
IPA 
 
 
W 1.5E+02 2.2E+01 8.4E+01 7.3E+03 1.8E+06 5.2E+05 8.1E+04 
ζmeas 10 8 9 12 15 15 14 
ζcalc 13 13 13 13 13 13 13 
Decane 
 
 
W 3.2E+56 9.6E+02 
 
ζmeas -129 -33 
ζcalc 41 41 
A
P
I 
E
 
EtOAc 
 
 
W 1.1E+40 4.5E+44 3.2E+37 9.6E+29 3.2E+19 1.4E+06 3.5E+02 
ζmeas -63 -66 -61 -55 -45 -26 -18 
ζcalc 24 24 24 24 24 24 24 
IPA 
 
 
W 4.3E+06 1.3E+12 5.6E+10 1.5E+11 4.2E+10 2.6E+05 3.8E+05 
ζmeas -16 -21 -19 -20 -19 -14 -15 
ζcalc 13 13 13 13 13 13 13 
Decane 
 
 
W 2.7E+00 3.3E+00 
 
ζmeas -10 -15 
ζcalc 41 41 
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Appendix I – Example oscillatory frequency 
sweep data 
This appendix presents a selection of typical oscillatory frequency sweep data plots 
collected on a range of sols. All measurements were carried out at 0.01% strain. 
 
Figure I-1. Oscillatory frequency sweep for Titanium Dioxide in IPA with Brij 35 added. 
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Figure I-2. Oscillatory frequency sweep for API D in decane AOT added 
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Figure I-3. Oscillatory frequency sweep for API E in decane AOT added 
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Figure I-4. Oscillatory frequency sweep for API E in IPA with AOT added. 
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Figure I-5. Oscillatory frequency sweep for API D in IPA with AOT added. 
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Figure I-4. Oscillatory frequency sweep for API E in EtOAc with AOT added. 
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Figure I-5. Oscillatory frequency sweep for Titanium dioxide in EtOAc with AOT 
added. 
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Figure I-6. Oscillatory frequency sweep for API E in decane with 0.5% AOT, with 
increasing water levels. 
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Appendix J – Effect of surfactant on oscillatory 
rheology measurements. 
 
Figure J-1. Summary of oscillatory amplitude sweep data at 1Hz for 5%w/w lactose in 
decane with increasing levels of AOT. 
 
Figure J-2. Summary of oscillatory amplitude sweep data at 1 Hz for 5%w/w lactose in 
EtOAc with increasing levels of 12-HSA. 
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Figure J-3. Summary of oscillatory amplitude sweep at 1Hz data for 5%w/w lactose in 
EtOAc with increasing levels of AOT. 
 
Figure J-4. Summary of oscillatory amplitude sweep at 1Hz data for 5%w/w  lactose in 
IPA with increasing levels of 12-HSA. 
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Figure J-5. Summary of oscillatory amplitude sweep at 1Hz data for 5%w/w lactose in 
IPA with increasing levels of AOT. 
 
Figure J-6. Summary of oscillatory amplitude sweep at 1Hz data for 12.5%w/w titanium 
dioxide in decane with increasing levels of AOT. 
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Figure J-7. Summary of oscillatory amplitude sweep 1Hz data for 25%w/v titanium 
dioxide in EtOAc with increasing levels of Brij 35. 
 
Figure J-8. Summary of oscillatory amplitude sweep at 1 Hz data for 25%w/v titanium 
dioxide in EtOAc with increasing levels of AOT. 
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Figure J-9. Summary of oscillatory amplitude sweep at 1Hz data for 30%w/w titanium 
dioxide in IPA with increasing levels of the Brij 35. 
 
Figure J-10. Summary of oscillatory amplitude sweep at 1Hz data for 30%w/w titanium 
dioxide in IPA with increasing levels of AOT. 
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Figure J-11. Summary of oscillatory amplitude sweep at 1Hz data for 15%w/v API D in 
decane with increasing levels of AOT. 
 
Figure J-12. Summary of oscillatory amplitude sweep at 1Hz data for 20%w/v API D in 
EtOAc with increasing levels of the 12-HSA. 
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Figure J-13. Summary of oscillatory amplitude sweep at 1Hz data for 20%w/v API D in 
EtOAc with increasing levels of AOT. 
 
Figure J-14. Summary of oscillatory amplitude sweep at 1Hz data for 15%w/v API D in 
IPA with increasing levels of the 12-HSA. 
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Figure J-15. Summary of oscillatory amplitude sweep at 1Hz data for 15%w/v API D in 
IPA with increasing levels of AOT. 
 
Figure J-16. Summary of oscillatory amplitude sweep at 1Hz data for 10%w/v API E in 
decane with increasing levels of AOT. 
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Figure J-17. Summary of oscillatory amplitude sweep at 1Hz data for 20%w/v API E in 
IPA with increasing levels of 12-HSA. 
 
Figure J-18. Summary of oscillatory amplitude sweep at 1Hz data for 15%w/v API E in 
IPA with increasing levels of AOT. 
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Appendix K – Effect of water on oscillatory 
rheology measurements of samples 
containing surfactant. 
 
Figure K-1. Summarised data for oscillatory amplitude sweep at 1Hz of 10%w/v 
lactose in decane with a 1% w/w addition of AOT. Water has then been added at 
increasing levels. 
 
Figure K-2. Summarised data from oscillatory amplitude sweep at 1Hz for 10%w/v 
lactose in EtOAc with a 1% w/w addition of AOT. Water has then been spiked at 
increasing levels. 
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Figure K-3. Summarised data from oscillatory amplitude sweep at 1Hz for 10%w/v 
lactose in EtOAc with 1% w/w addition of 12-HSA. Water has then been spiked in at 
increasing levels. 
 
Figure K-4. Summarised data from oscillatory amplitude sweep at 1Hz for 10w/v  API E 
in decane with a 1% w/w addition of AOT. Water has then been spiked at increasing 
levels. 
 
 
 
